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The  28th  Symposium  on  Shock,  Vibration 
and  As  sociated  Environments  was  held  in 
the  Departmental  and  Commerce  Audito¬ 
riums,  Washington,  D.  C.,  on  February 
9  -  11,  I960.  The  Department  of  the  Air 
Force  was  host. 
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The  Theme  of  the  Symposium  was: 

The  Survival  of  Military  Equipment  in  a 
Hot  War  Environment” 
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FOREWORD 


This  section  of  the  Bulletin  contains  unclassified 
papers  discussing  design,  test  methods,  instrumenta¬ 
tion  and  data  analysis.  The  material  discussed  at  the 
panel  session  on  the  Collection,  Analysis  and  Presen¬ 
tation  of  Shock  and  Vibration  Data  is  also  included.  A 
Tab,'.!  of  Contents  for  all  four  Parts  of  the  Bulletin 
and  an  attendance  list  for  the  28th  Symposium  may  be 
found  in  Pan  I. 

Constructive  suggestions  for  the  improvement  of 
the  Symposia  and  the  Bulletins  are  earnestly  solicited. 
Addiess  communications  to:  Code  4021,  U.S.  Naval 
Research  Laboratory,  Washington  25,  D.C.,  or  to  a 
member  of  the  Interservice  Technical  Group  whose 
names  are  listed  on  the  following  page. 
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A  MJTHOD  FOR  PRIDiCTINO 
ENVIRONMENTAL  VIRRATION  LEVELS 
IN  JET-POWERED  VEHICLES 


P.  T.  Mahaffey  end  K.  W.  Smith 
Convair 

Fort  Worth,  Texas 


A  method  for  predicting  environmental  vibration  levels  for  Jet-powered 
vehicles  is  described.  A  quantitative  relationship  is  determined  be¬ 
tween  structural  vibration  and  acoustic  noise  level  on  the  external 
super  of  a  structure  by  statistical  analysis  of  measured  data.  Com¬ 
parisons  of  measured  and  predicted  levels  are  shown. 


INTRODUCTION 

One  of  the  most  difficult  problems  facing 
the  Tibrstion  engineer  is  that  at  predicting 
envlronmeatal  vibration  levels  on  a  new 
vehicle.  Another  problem  almost  as  diffi¬ 
cult  is  that  of  quo^  vibration  levels  on  a 
current  vehicle  in  a  region  where  no  meas¬ 
urements  have  been  made.  Tet  questions  on 
these  matters  are  frequently  asked  by  equip¬ 
ment  designers  and  must  be  answrered  in 
some  manner  by  the  vibration  man. 

It  is  the  purpose  of  this  paper  to  present 
a  method  which  can  be  used  to  obtain  good 
engineering  answers  to  these  questions. 

This  particular  method  was  developed  to  aid 
in  establishing  vibration  test  reqpiirements 
(or  the  B-58  airplane.  Tiowever,  It  appears 
that  it  would  be  equally  lapplicable  to  other 
vehicles  according  to  the  checks  which  have 
been  made  at  Convair.  Tl\e  basic  principle 
lies  In  relating  vibration  level  to  noise  level, 
and  curves  are  presented  which  permit  a 
prediction  of  vibration  level  from  a  knowl¬ 
edge  of  noise  level  on  the  exiemnl  surface 
of  the  vehicle. 


BASIC  CONCEPTS 

In  Jet-powered  vehicles,  most  of  ths  envi¬ 
ronmental  vibration  cornea  from  reqwoae  of 
tbs  structure  to  intense  eoglae  noise.  Thus, 
the  vibration  level  should  te  proportlonsl  to 
the  noiee  level  in  some  meaner.  If  this  re¬ 
lationship  could  bs  estaldlshsd,  then  it  should 
be  possible  to  predict  vibration  level  from  s 
knowledge  of  the  engine  noise  level  dis¬ 
tribution. 

There  are  two  basic  ways  which  can  be 
used  to  relate  vibration  level  to  noise  level. 
One  way  Is  to  cakuiiite  the  reeponae  of  the 
structure  to  tbe  excitation  provided  by  the 
noise.  The  other  way  is  to  use  etatiittical 
methods  to  predict  the  most  probable  struc¬ 
tural  response  level  to  a  given  noise  level. 

To  follow  the  course  of  direct  response 
calculation,  an  investigation  has  tn  adont  the 
approach  of  looking  at  a  specific  location. 

He  has  to  examine  the  physical  make  up  of 
Vis  structure  and  to  calculate  as  best  be  can 
the  natural  modes  of  vibration  of  this  loca¬ 
tion.  Ho  has  to  determine  the  damping 
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asaociated  with  each  natural  mode,  and  he 
has  to  determine  whether  or  not  the  response 
is  linear.  These  obstacles  have  been  suffi¬ 
ciently  formidable  to  deter  most  investi¬ 
gators,  and  to  prevent  any  from  achieving  a 
universally  applicable  solution  to  the 
problem. 

Let  us  now  examine  the  statistical  ^)- 
proaeh.  One  important  advantage  is  imme¬ 
diately  obvious.  It  is  now  possible  to  look  at 
the  problem  in  the  broad  iense  rather  than 
having  to  deal  with  each  specific  instance. 
The  structural  response  can  be  categoriaed 
into  that  for  primary  structure  and  ^  for 
secondary  structure.  One  can  also  adopt  the 
viewpoint  of  average  response,  or  of  most 
probable  response  instead  of  dealing  with  a 
q)ecific  response  value. 

If  ws  now  formulate  the  problem  in  terms 
of  predicting  the  most  probable  vibration 
level  for  primary  structure  exposed  to  a 
given  noise  level,  we  begin  to  see  a  chance 
for  success.  What  we  need  is  a  sufficient 
body  of  measured  data  to  analyse.  These 
data  need  to  be  in  the  form  d  vibration  level 
measurements  and  sound  pressure  level 
measurements  for  a  large  numbf/r  of  loca¬ 
tions.  We  then  need  to  reduce  these  data  on 
an  octave  band  basis  and  to  correlate  the  re¬ 
sult*  in  terms  of  the  relationship  between 
vibration  acceleration  level  and  sound  pres¬ 
sure  level.  If  we  do  this,  we  can  construct  a 
plot  tor  each  octave  band  of  the  type  lllua- 
trated  in  Fig.  1.  Acceleration  level  in  g'a  is 
plotted  on  a  lc<g  scale  against  sound  pressure 
level  in  decibel#.  Statistical  analysis  can  be 
employed  to  determine  a  regression  line  giv¬ 
ing  the  average  trend  of  the  data,  and  the 
scatter  in  the  data  can  be  expressed  in  terms 
of  confidence  levels. 

li^th  a  plot  of  this  type  for  each  octave 
band  and  a  knowledge  of  the  octave  band 
sound  pressure  level,  a  prediction  of  the  en- 
vel(^  of  probable  vibratimi  level  can  be 
made  in  ti»  form  Illustrated  in  Fig.  2.  Any 
desired  degree  of  conservatism  can  be  in¬ 
corporated  by  basing  the  pr^cted  envelope 
on  the  appropriate  ui^er  confidence  level 
boundary. 


firciit  llNt 


Fig.  1  -  Example  of  plot  acceleration  vi 
sound  pressure  level 


nUMHHMCV-CPS 

Fig.  2  -  Example  of  predicted  envelope  of 
probable  vibration  levels 


These  methods  have  been  applied  to 

measured  data  from  the  B-58  airplane  with  the  B-58  airplane  for  the  condition  of  maxi- 

gratifying  results  as  described  in  the  foi-  mum  afterburner  power  on  all  four  engines 

lowing  section.  during  ground  run-up. 


ANALYSIS  OF  B-58  VIBRATION  DATA 

Both  an  acoustic  noise  survey  and  an  en¬ 
vironmental  vibration  survey  were  made  for 


The  noise  data  were  collected  by  using 
microphones  spaced  judiciously  over  the 
surface  of  the  airplane  so  that  lines  c!  equal 
sound  pressure  level  could  be  constructed 
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from  the  measurements.  The  microphone 
outputs  were  recorded  on  magnetic  tt^)e  and 
reduced  on  an  octave  band  biisis.  Isointen¬ 
sity  line  plots  were  then  made  for  the  over¬ 
all  levels  and  for  each  octave  band  as  shown 
)n  Figs.  3  through  8. 

The  vibration  data  were  collected  by  using 
velocity  pickups,  crystal  accelerometers, 
and  a  tape  recorder.  These  data  were  re¬ 
duced 'on  a  one-third  octave  band  basis 
through  a  peak  detection  circuit.  Within  the 
limitations  of  the  filters,  the  reduced  data 
were  peak  acceleration  readings  of  the  sort 
one  would  expect  to  obtain  fit)®  a  hand 


analysis  of  an  oscillograph  trace  of  the 
transducer  signal.  Sixty-five  pickups  were 
used.  These  were  mounted  on  primary 
structure  at  various  points  in  the  airplane. 

At  most  points,  accelarations  were  measured 
in  three  perpendicular  directions. 

The  first  step  Ln  correlating  the  data  was 
to  tabulate  acceleration  level  in  g's  tor  each 
frequency  octave  band  along  with  the  noise 
level  in  decibels  in  the  corresponding  octave 
bands.  This  was  done  for  each  plclnq)  for 
all  octave  bends.  The  noise  levels  were 
picked  off  the  isointensity  line  plots  made 
for  each  octave  band,  as  shown  in  Figs.  4 


i 


Fig.  3  -  Overall  sound  preaeure  level  contour* 


Fig.  4  -  Twenty  to  74-cpB  octave  band  sound 
pressure  level  contours 
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Fig.  8  -  600-  to  IZOO-cps  octave  band  sound 
pressure  level  contours 


Fig.  9  -  1200-  to  2400-cp8  octave  hand  ioiind 
pressure  level  contours 


throttgb  9  according  to  the  location  of  the 
vibration  pickup.  These  values  were  first 
plotted  on  ordinary  graph  paper  bearing 
uniform  scales.  As  expected,  a  wide  scat¬ 
ter  was  observed,  so  statistical  correlation 
methods  were  employed  to  determine  a 
mathematical  equation  best  fitting  these  data. 

The  vibration  acceleration  values  together 
with  their  corresponding  acoustic  noise  lev* 
els  were  then  processed  by  electronic  cal¬ 
culating  machines.  Here  the  statistical  cor- 
relr-iion  coefficients  were  calculated  for  a 
number  of  different  equation  forms  (linear, 
parabolic,  exponential,  etc.).  These  statis¬ 
tical  correlation  coefficients  are  a  mathe¬ 
matical  representation  o?  the  following  two 
methods  prediction; 

1.  Each  peak  acceleration  level  ia  pre¬ 
dicted  by  using  the  empirical  equation  line. 

2.  Each  peak  acceleration  level  is  pre¬ 
dicted  by  using  the  nvcsragc  of  the  moasured 
vibration  levels.  Then 

r  =  ±(1  -  >  (1) 

where 

r  =  Pearsonlan  correlation  coefficient, 

=  sum  of  squares  of  data  point  devia¬ 
tions  from  the  empiric^  equation 
line, 

r  =  sum  of  squares  of  the  data  point 
deviations  from  the  average  line. 


When  r  af^roaches  il,  then  the  fit  of  the 
data  is  good.  If  r  approaches  zero,  then  the 
data  are  randcmly  arranged.  The  correla¬ 
tion  coefficleiits  calculated  for  the  different 
empirical  equation  forms  revealed  tnat  the 
exponential  equation  provided  the  best  lit  for 
the  data  in  each  frequency  octave  band.  The 
exponential  equation  has  the  form 

log^  g  =  (M)(SPL)  +  log.A,  (2) 

where 

g  s  peak  acceleration  level  divided  by 
the  acceleration  due  to  gravity, 

M  =  slope  of  the  empirical  equation 
line, 

SPL  =  sound  pressure  level  In  decibels 
(re  .000?  dynes/cm^), 

A  *  intercept  of  the  empirical  equation 
line  on  the  g-axis. 

The  method  of  least  squares  was  used  to 
determine  values  of  M  and  log^  A  so  that  the 
sum  of  the  squpes  of  the  data  point  devia¬ 
tions  from  the  empirical  equation  line  was  at 
a  minimum.  In  addition  the  statistical  var¬ 
iance  of  the  data  from  the  empirical  equation 
line  was  calculated.  Figures  10  through  15 
show  the  plots  of  the  empirical  equations  and 
statistical  confidence  levels  for  each  fre¬ 
quency  octave  band  in  the  range  from  20  to 
2400  cpB. 

With  the  octave  band  noise  plots  of  Figs. 

4  through  9  and  the  plots  of  vibratory 
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acceleration  versus  noise  level  ot  Figs.  10 
throug^l  15,  it  is  now  possible  to  predict  a 
vibration  level  enrelope  such  as  Illustrated 
in  Fig.  2  for  any  point  on  the  airplane.  From 
such  envelopes,  one  may  further  proceed  to 
derive  range  curves  for  vibration  qualifica¬ 
tion  testing  along  the  lines  specified  in 
MIL-E-5272. 


DERIVATICW  OF  VmRATION  TEST 

ENVELOPES 

The  first  step  in  deriving  a  series  of  vi¬ 
bration  test  envelopes  for  the  B- 58  was  to 
divide  the  airplane  into  vibration  tones.  The 
preliminary  selection  of  these  zones  was 
made  on  the  basis  of  the  exterior  sound  pres¬ 
sure  levels  on  the  surface  of  the  airplane. 

The  final  boundaries  were  selected  so  that 
the  transition  from  one  zone  to  another  would 
not  represent  in  an  unduly  large  step  changes 
in  the  predicted  environment.  These  zones 
are  shown  in  Fig.  16.  The  representative 
sound  pressuru  level  for  each  vibration  zone 
was  then  read  from  the  Isointensity  sound 
level  plots  for  each  frequency  octave  band  in 
the  20  to  2400  cps  range. 

By  using  these  sound  pressure  levels 
from  each  vibration  zone,  the  plots  in  Figs. 

10  through  16  were  entered  and  the  predicted 
peak  acceleration  levels  were  read  opposite 
one  of  the  upper  confidence  lines.  The 
choice  of  upper  confidence  line  depends  upon 
the  risk  one  is  willing  to  assume  that  the 
actual  acceleration  level  will  exceed  the 
predicted  level.  For  the  B-S8  it  was  deter¬ 
mined  that  predicted  vibration  levels 


corresponding  to  the  upper  60-percent  con¬ 
fidence  line  provided  a  reasonable  fit  to  data 
collected  but  not  used  in  the  correlation. 

The  vibration  level  predicted  with  this  con¬ 
fidence  line  will  encompass  the  measured 
vibration  levels  during  80  percent  of  the 
prediction  trials. 

The  predicted  peak  acceleration  values 
read  from  the  upper  60-percent  line  in  each 
frequency  octave  band  were  tabulated  and 
plotted  for  each  vibration  zone.  A  test  en¬ 
velope  suitable  for  use  with  a  sinusoidal  vi¬ 
bration  shaker  system  was  then  drawn  over 
the  predicted  vibration  values.  Figures  17 
through  19  show  predicted  vibration  levels 
and  derived  test  envelopes  lor  three  repre¬ 
sentative  test  zones.  Included  hi  these  fig¬ 
ures  for  comparismi  purposes  are  plots  of 
the  measured  vibration  data  collected  in  each 
of  the  zones  and  used  in  the  statistical  cor¬ 
relation.  These  plots  are  representative  of 
the  fit  between  the  derived  envelope  and  the 
measured  data.  Note  that  although  a  few 
measured  points  fall  outside  the  envelopes, 
the  fit  is  generally  good. 

Vibration  range  curves  were  thus  derived 
for  all  the  zones  shown  in  Fig.  16,  and  were 
used  with  the  basic  kaL-E-5272  procedure 
to  produce  a  qualification  test  procedure  tai¬ 
lored  to  fit  the  B-u8  airplane. 


Very  little  measured  vibration  data  were 
obtained  for  some  of  the  zones  of  Pig.  16, 
and  no  data  at  all  were  obtained  for  others. 
Tet,  the  application  of  this  procedure  made 
it  possible  to  establish  predicted  levels  and 


Fig.  16  -  Vibration  zones 


IG 


Fig.  19  •  Comparison  of  predicted  envelope  and  derived 
test  envelope  with  measured  vibration  data  for  Zone  14 


test  range  curves  (or  these  areas  with  a 
good  degree  o(  confidence. 

EARLY  DESIGN  USES 

While  the  data  shown  were  collected  from 
th^  B-58  airplane,  these  empirical  curves 
haVe  been  used  to  predict  vibration  levels 
for  other  vehicles  where  both  Jet  engine 
noise  and  vibration  data  are  available.  The 
predicted  vibration  levels  for  the  different 
frequency  octave  bands  fit  the  measured 
data  with  about  the  same  degree  of  accuracy 
as  they  do  the  B-58  data.  Therefore,  by 
choosing  a  suitable  risk  level  (upper  confi¬ 
dence  line),  the  curves  presented  in  Figs.  10 
through  15  may  be  used  with  reasonable  suc¬ 
cess  on  other  Jet  powered  vehicles.  Fur¬ 
thermore,  when  used  with  estimates  of  the 


external  surface  acoustic  noise  levels  on 
new  designs,  these  curves  will  provide  a 
good  first  estimate  of  the  vibration  environ¬ 
ment  and  may  be  used  to  specify  vibration 
qualification  tests  in  the  early  procurement 
specifications. 

While  the  prediction  curves  presented  are 
in  terms  of  peak  acceleration  readings,  the 
same  correlation  procedure  may  be  used 
with  true  root-mean-square  or  average  val¬ 
ues  read  from  a  pai’ticular  frequency  band. 
By  experimentation  it  was  determine  that 
the  peak  acceleration  values  road  from  Figs. 
10  tlurough  15  are  about  3.3  times  the  true 
root-mean-square  values.  Thus  the  prsdlc- 
tion  values  from  these  figures  can  be  con¬ 
verted  to  rms  values  by  dividing  by  3.3  if 
desired. 


DISCUSSION 


Mr.  Barber  (Chance-Vought  Aircraft):  I 
have  three  questions.  Bill.  Has  Convafr 
been  able  to  determine  what  proportion  of 


the  vibration  environment  is  due  to  struc- 
turebome  vibration  and  what  proportion  is 
due  to  airborne  noise  input? 
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Mr.  Mahaffey:  No,  we  haven't,  Walt.  We 
have  not  attempted  to  try  to  separ^ie  these 
two.  By  basing  your  data  on  actual  meas¬ 
urements  in  the  structure  you  get  both,  so 
that  I  think  that  the  combination  is  repre¬ 
sented  in  the  data. 

Mr,  Bar^r:  Has  a  separate  correlation 
o(  sound  and  vibration  been  made  lor  the 
B-58  flying  supersonically?  H  so,  has  this 
correlation  agreed  with  those  obtained  from 
the  ground  run-out  and  taxiing  you  presented 
here  ?  This  would  give  you  some  better  Idea 
ol  what  proportion  was  coming  from  sound 
and  what  was  coming  from  vibration. 

Mr.  Mahaffey:  We  have  made  an  infllidit 
vibration  survey,  and  the  levels  are  consid¬ 
erably  lower  than  they  are  on  the  ground. 

We  do  not  have  a  measurement  of  external 
noise  levels  in  flight.  We  tried  to  measure 
some  at  about  three  different  locations,  but 
we  were  unsuccessful,  as  I  guess  a  lot  of 
other  people  have  been  In  this  respect.  So 
that  there  Is  no  way  that  we  can  correlate 
inflight  noise  level  with  inflight  vibration 
data. 

Mr  .Barber:  ,[  was  wondering  whether 
you  had  the  opportunity  to  attempt  to  esti¬ 
mate  inflight  vibration  levels  on  the  basis  of 
estimated  aerodynamic  noise  levels. 

Mr.  Mahaffey:  We  are  working  on  this, 
and  we  have  a  method  for  predicting  inflight 
noise  level  patterns  of  these  sorts.  Natu¬ 
rally  you'd  think  that  If  you  could  do  this  in 
flight  you  could  also  predict  inflict  vibra¬ 
tion  levels.  But  we  do  not  have  any  experi¬ 
mental  data  to  be  able  to  tell  whether  our 
inflight  noise  predictions  are  any  good  or 
not.  That's  where  we  stand  on  that. 

Dr.  Vlgness  (NRL);  I  am  glad  you  gave 
the  coefficient  which  related  the  peak  value 
that  you  obtained  to  the  rms  value.  That 
might  be  more  useful  to  some  of  the  rest  of 
us.  I  would  be  Interested  in  knowing  how 
you  happened  to  pick  such  a  number  as  a 
peak  value  for  a  rather  nonsinueoldal  con¬ 
dition  of  vibration,  and  I  certainly  would  ex¬ 
pect  you  to  get  a  very  wide  range  of  measure¬ 
ments  when  the  peak  value  is  measured  for 
this  type  of  vibration.  Could  you  give  any 
information  as  to  why  you  picked  that? 

Mr.  Mahaffey:  We  didn't  exactly  pick  it. 

ttrmvr  a  _ .vs..  _  .1. 
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up  this  data  reduction  system  some  several 
years  ago  before  we  hit  upon  this  scheme  of 
reducing  the  data,  and  we  set  up  our  peak 


detection  system  to  detect  peaks  which  would 
occur  about  one  percent  of  the  time. 

Dr.  Vlgness:  I  tliink  that's  the  answer. 
Thank  you  very  much. 

Mr.  Brown  (Douglas  Aircraft);  Would  It 
be  .permlasible  to  ask  whether  a  great  deal 
of  variation,  let's  say  In  the  range  of  about 
10  te  1  that  you  get  In  your  readings,  is  due 
to  the  measurement  technique  rather  than 
the  data  Itself  because  of  this  peak  meaeure- 
m'jnt  technique  ? 

Mr.  Manaffey;  I'm  not  sure  that  I  under¬ 
stood  your  quenion.  Were  you  asking  could 
the  large  amount  cf  scatter  Ln  the  data  be 
due  to  the  peak  method  of  measurement? 

Mr.  Brown;  Right.  In  other  words,  let's 
say  if  you  did  this  by  the  power  spectral  ap¬ 
proach  would  this  give  you  less  variation  in 
the  measurements  7 

Mr.  Mahaffey:  Of  course  one  can  never 
be  entirely  sure  of  his  data  system.  All  I 
can  say  Is  that  we  did  everyth  in  our 
means  to  check  out  the  data  system,  includ¬ 
ing  running  out  records  from  the  tape  on 
oscillograph  and  reducing  It  by  hand  to  be 
sure  that  the  data  system  wis  reading  the 
right  numbers.  However,  1  don't  believe  that 
the  large  amount  of  scatter  is  du*  to  the  data 
system.  I  think  that  the  large  amount  of 
scatter  is  inherent  In  the  procese.  Yoti  re¬ 
member  that  theae  were  readings  taken  all 
over  the  airplane  at  a  number  of  different 
locations,  and  each  location  Is  going  to  be 
different.  So  that  what  we  ajre  trying  to  get 
at  is  the  most  probatde  vibriition  level. 

Mr.  Kamesky  ( Aero-Jet  General):  Do 
you  mink  perhaps  your  scatter  Is  due  to  the 
fact  that  you  are  measuring  vibration  cf  dif¬ 
ferent  types  of  structures  at  different  poiots? 
You  wouldn't  expect  the  launcher  arm,  for 
example,  to  have  the  same  response  to  an 
acoustical  environment  as  a  frame.  Did  you 
try  to  break  your  data  down  ais  to  the  typical 
type  of  structure,  either  frame,  launcher 
arm,  size  of  frames  perhaps? 

Mal^fey:  No,  we  dlcta't,  Al.  It's 
quite  probabinhat  there  is  some  of  that  in 
this  data.  But  If  you  start  trying  to  break  It 
down  in  terms  of  the  particular  type  of  struc¬ 
ture  then  you  will  complicate  tliie  situatlo  1  in 
trying  to  lay  out  vibration  zones.  Now  I 
won't  say  this  can't  be  done,  and  maybe  it  is 
a  valuable  extension  to  this  technique,  but 
we  have  not  tried  to  do  that. 
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Mr.  (Lockheed.  Sunnyvale):  I 

have  a  comment  rnncernlng  the  last  hgures 
ycrj  presented  on  amplitude  versus  frequency. 
The  presented  statistics  show  an  increasbig 
trend  in  amplitudes  up  to  the  2>kc  limit  of 
the  graph.  How  about  higher  up?  The  usual 
excuse  for  stopping  at  2'kc  amplitude  (wton 
the  telemeter  channel  used  Is  not  the  limiting 
factor)  is  that  information  of  vibration  am¬ 
plitudes  above  this  level  can  be  omitted  be¬ 
cause  there  is  no  equipment  available  to  per¬ 
form  component  testing  at  higher  frequencies. 
Such  excuse,  however,  cannot  be  readily  Jus¬ 
tified.  information  on  amplitudes  of  hlglmr 
frequency  bands  should  be  solicited  (vdwn- 
ever  within  reach)  In  order  to  find  out 
whether  or  not  simulation  techniques  in 
component  testing  have  to  be  extended  to 
cover  hi^er  frequency  bands  than  possible 
without  modification  with  the  gear  presently 
in  use.  The  shown  increasliig  trend  of  vi¬ 
bration  amplitudes  in  hi^r  frequencies 


would  definitely  Justify  extension  of  the 
measurements  beyond  the  2-!cc  limit  of  the 
presented  data. 

Mr.  Mahaffey:  Actually  the  highest  ac- 
celeratlon  values  in  the  data  I  presented 
occur  In  the  000-  to  lOOO-cps  range  and  the 
acceleration  has  begun  to  drop  off  as  we 
approach  2  kc.  There  may  be  significant 
vibration  above  2  kc.  On  the  other  hand,  the 
signal  from  the  trehsducer  may  be  mainly 
electric  al  noise.  It  la  very  difficult  to  tell 
from  a  practical  standpoint.  While  I  can¬ 
not  really  disagree  with  you  that  we  ahould 
try  to  measure  and  test  for  the  entire  renge 
of  vibration  present,  there  comes  a  point  In 
iaboraiory  simulation  where  we  are  kidding 
ourselvee  on  the  significance  of  the  test. 
Sometimes  I  wonder  if  we  are  not  kidding 
ourselves  when  we  try  to  test  above  1  kc, 
particularly  on  the  lairgur  pieces  of 
equipment. 
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Much  present  practice  in  designing  for  shock  and  vibration  environ- 
mente  is  highly  conservative  because  impedance  affects  hava  largely 
bean  neglected.  Theoretical  results  are  reported  on  the  amount  of  re¬ 
duction  to  be  expected  from  such  effects  and  the  way  in  which  mass, 
natural  frequency,  and  damping  will  influence  design  stress. 


INTRODUCTKSs 

b  earlier  papers,  It  was  shown  (1,2,3) 
that  sfulpBent  can  be  very  much  over- 
strength  when  our  preaent  procetkres  (or 
designing  and  testing  for  shock  and  vibra¬ 
tion  are  used.  The  reason  (or  the  present 
conservatism  Is  that  shock  and  vibration 
measurements  made  In  the  past  must  be 
extrapolated  to  apply  to  eq’jlpmenta  not  yet 
in  use.  An  envelope  t>(  availible  data,  usu¬ 
ally  in  the  form  o(  a  (retptency  spectrum,  is 
used  to  define  a  test  or  design  input  motion 
of  the  eijulpment  mounting  points.  Contrary 
to  the  assumption  that  Is  usually  made,  the 
reaction  of  tte  ci^ipment  against  its  (ounda- 
tlmi  can  produce  significant  reductionc  in  the 
severity  of  the  motion  of  its  foundation. 

However,  a  reduction  in  equipment 
strength  cannot  bo  made  safely  until  it  can 
be  shown  bow  much  reduction  in  severity  can 
be  guaranteed  in  each  instance.  It  is  neces¬ 
sary  to  obtain  better  understanding  of  the 
factors  which  influence  the  dynamic  loads  in 
equipment.  As  a  step  in  this  dirsetion,  some 
theoretical  resuli..^  are  reported  which  show 
the  manner  in  which  a  simple  model  of  an 
equipment  can  affect  the  stock  and  -vibration 
which  it  feels  when  mounted  on  a  simple 
model  of  a  vehicle. 


0(  course,  our  real  Interest  is  in  the  be¬ 
havior  of  compiax  syatems  bat  It  has  not  yet 
been  found  poaalble  to  redace  the  cochlea 
mathematical  a^preaaloaa  to  a  form  which 
can  be  "understood."  Since  a  cimple  eyatem 
obeys  a  simplified  form  of  the  equation  (or  a 
complex  Bytten,  one  can  hope  to  find  useful 
ciuee  in  the  behavior  of  the  simple  model. 


NORMAL  MODE  EQUATION 

The  equation  Kq>reeslng  the  acceleraticm 
ic  of  a  mass  of  an  equipment  as  it  respoads  to 
an  arbitrary  force  F(  t )  on  the  vehicle  is  (4) 

S  =  5  T„  8„(t)  .  (1) 

There  is  one  term  of  this  series  (or  each 
normal  mode  of  vibration  of  the  equi{mient- 
vehlcle  syetem.  The  (actor  R„(t)  is  known 
at.  the  dynamic  response  (actor  or  Duhamel's 
Megral.  It  is  a  function  of  time  t  deter¬ 
mined  by  the  implied  force  and  the  natural 
frequency  of  the  mode.  It  is  the  fsclor  which 
depends  upon  whether  the  excitation  Is  a 
transient  pulse,  a  sinusoidal  force,  a  random 
force,  etc.;  but  it  will  not  be  discussed  fur¬ 
ther.  The  other  factor  T^,  the  "Mode  Trans¬ 
mission  Factor,"  is  determined  entirely  by 


the  properties  of  the  system,  and  Is  Inde¬ 
pendent  of  ?(t).  The  question  under  inves- 
Ugation  here  is  the  effect  of  the  distribution 
of  mass  and  stiffness  in  the  equipment  and 
vehicle  on  the  values  of  t„.  The  factors 
^pply  regardless  of  the  form  of  F(t);  that  is, 
they  affect  the  response  to  any  shock,  sinus¬ 
oidal  vibration,  or  random  vibratimi. 

The  factor  is  expressed  in  terms  of 
the  normal  mode  amplitudef^  of  the  Nth 
mode  by 


T 


n 


(2) 


where  and  us  the  normal 

mode  amplitudes  at  the  point  of  measure¬ 
ment  of  j<  ;  the  point  of  application  of  force, 
and  the  j  mass  of  the  system,  mj,  re¬ 
spectively. 


A  SIMPLE  MODEL 

The  system  that  was  studied  is  shown  in 
Fig.  1;  it  io  about  the  simplest  system  that 
could  be  expected  to  show  the  desired  ef- 
feetj.  The  equipment  is  represented  by  a 
mass  supported  by  a  spring  and  damper;  the 
vehicle  is  represented  by  two  masses  con¬ 
nected  together  by  a  spring  and  damper.  To 
simplify  the  analysis  the  ratio  of  dating 
coefficient  to  spring  coefficient  for  both 
spring-damper  pairs  is  assumed  to  be  the 
same.  This  assumption  of  "uniform  damp¬ 
ing"  makes  the  mode  slope  and  T„  independ¬ 
ent  of  the  amount  of  damping. 


RESPONSE 


"EQUIPMENP' 


"VEHICLF' 


The  paran\eter3  used  to  define  the  system 
are  the  natural  frequency  which  the 
equipment  would  have  if  it  were  attached  to 
an  infinite  mass;  n ,  the  natural  frentuency  of 
the  vehicle  by  itself,  and  the  mass  ratios 
m/Mj  and  M2/M] .  The  damping,  expressed 
either  by  c ,  the  percent  of  critical  damping 
or  Q(=  1/2  O,  the  resonant  amplification  far¬ 
ter,  will  not  be  considered  yet. 

The  combined  system  will  have  two  natural 
frequencies  associated  with  two  modes  of 
vibration;  hence  there  are  two  Mode  Trans¬ 
mission  Factors,  T}  and  Tj.  Values  of  T] 
and  T,  have  been  computed  as  a  function  of 
a<„/n,  m/llj,  and  A  dimensionless  plot 
of  M.T,  and  liljTj  vs.  c/n  are  shown  in  Fig.  2 
for  the  case  Mj  =  several  values  of 
m/Mj.  The  following  features  of  Fig.  2  are 
considered  to  be  significant; 

1.  The  largest  response  in  both  modes 
occurs  when  is  about  equal  to  . 

2.  The  transmission  is  reduced  as  the 
equipment  mass  is  inc leased. 

3.  The  largest  values  of  T,  and  t 2  are 
nearly  equal  but  of  opposite  sign. 

Since  the  largest  loads  are  developed  when 
the  equipment  ie  "tuned"  to  the  vehicle  nat¬ 
ural  frequency,  all  further  shidleu  were  for 
the  case  -  n  said  =  Mj . 

The  equation  for  the  two  natural  frequen¬ 
cies  of  vibration  of  modes  is 


Fig,  1  -  A  aimplified 
equipment-vehicle  system 


Fig.  2  -  Mcael  transmiasioa  factors 
for  three-mass  system 
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of  t!te  vehicle  as  if  the  equipment  were  not 
there.  The  equipment  responds  to  this  oscil 
lation  with  a  resonant  buildup  of  amplitude. 
Since  this  buildup  drains  energy  out  of  the 
Vcuicle,  the  amplitude  of  the  equipment 
reaches  a  maximum  edten  the  vehicle  oscil¬ 
lation  is  stopped. 


The  difference  between  the  tv/o  natural  fre¬ 
quencies  is 


Examination  of  these  equations  shows  that 
the  difference  in  frequency  becomes  smaller 
if  .  0  and  as  m  becomes  smaller. 


As  &  result  of  the  small  difference  in  the 
two  natural  frequencies  and  the  nearly  equal 
but  opposite  values  of  Ti  and  Tj,  ihe  accel¬ 
eration  of  m  which  will  result  from  an  impul¬ 
sive  force  I  la  almost  a  perfect  example  of 
vibration  beats.  The  acceleration  is 


This  picture  of  the  phenomenon  led  to  the 
question  of  how  much  of  the  total  energy  gets 
into  strain  energy  of  the  equipment  spring. 

It  was  found  that  the  total  energy  transferred 
to  the  system  by  the  Impulse  can  be  eq;>ressed 
as  the  sum  of  the  kinetic  energy  of  rigid  body 
translation  of  the  system  plus  an  oscillatory 
energy.  If  the  energy  in  the  equipment  qDring 
were  equal  to  the  energy  Input  minus  the 
rigid  body  energy,  the  acceleration  of  the 
equipment  would  he 


-  - 

\/2Mj  m  (6) 

assuming  m  «  Mj  and  no  damping.  Thus  the 
effect  of  tuning;  is  to  allow  all  of  the  oscil¬ 
latory  energy  to  find  its  way  into  the  equip¬ 
ment  spring. 


in 

2 


•Cfit 


(sin  oijt 


(5) 


If  :  n,  Mj  =  M]  and  m  «  Mj. 

An  example  of  equipment  response  to  an 
Impulse  is  sketched  in  Fig.  3.  The  oscilla¬ 
tions  of  the  two  modes  cancel  each  other  out 
initially,  then  reinforce  each  other  later. 

The  lower  curve  shows  the  corresponding 
acceleration  uf  the  foundation  mass  Mj;  this 
also  shows  boats  at  the  same  rate  but  tbr 
amplitude  is  large  when  the  equipment  am¬ 
plitude  is  small,  and  vice  .ersa.  The  appear¬ 
ance  is  that  the  impulse  sets  up  an  oscillation 
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Fig.  3  -  Response  of  tuned 
system  to  impulse 


But  this  energy  bitilds  up  to  a  maximum 
by  increments  un  each  cycle,  so  that  one 
could  expect  damping  to  reduce  the  maxi¬ 
mum  acceleration  considerably.  By  finding 
the  time  at  which  the  envelope  of  Eq.  (S) 
reaches  a  p'tak  and  by  using  Eq.  (3)  the  peak 
accelerfitlon  was  calculated  to  be 


This  is  plotted  on  Fig.  4,  showing  that  for 
small  damping  an  increase  in  equipment 
mass  produces  considerable  reduction  in 
acceleration;  or  for  small  equipment  mass 
an  Increase  In  damping  is  very  beneficial. 

But  If  one  of  Uwse  factors  is  already  fairly 
large,  ihe  other  is  not  ve»y  Important.  With 
zero  damping  the  acceleration  varies  In¬ 
versely  with  y/m. 

if  one  knows  the  response  of  a  system  to 
an  impulse,  he  can  fled  tlie  response  to  other 
inputs.  The  response  to  a  step  force  F  is 
derived  easily;  it  is  the  same  as  Fig.  4  if  F 
is  substituted  for  l.Q. 

Tine  response  to  a  random  white-noise 
force  is  of  interest  to  those  in  the  missile 
industry.  The  roct-mean-square  acceleration 
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will  remain  the  same  1(  the  points  are  Intel  - 
changed.  Thus  wa  should  expect  large  re¬ 
sponse  throughout  a  heavy  vehicle  11  the 
force  Is  applied  to  a  lightweight  tuned  mass- 
spring  system. 


APPUCATICK  TO  PRACTICAL 
PROBLEMS 


Fig.  4  -  Effect  of  maai  and  damping  on 
tuned  equipment 


of  thlB  system  was  calculated  by  D.  A. 
Asplnwail  at  Lockheed  to  be 


adiere  e  is  the  spectral  density  of  force. 
The  espresslon  in  the  numerator  is  the 
rms  acceleration  of  the  foundation  when  the 
etjuipment  is  not  in  place.  Again  it  is  seen 
that  an  increase  in  either  mans  or  damping 
will  decrease  the  equipment  acceleration. 


RECIPROCITY  OF  MODE 
TRANSMlSSm  FACTORS 

In  Eq.  {2)  the  factor  contains  the  prod¬ 
uct  of  mode  amplitudes  at  the  point  of  accel¬ 
eration  measurement  and  at  the  point  of  force 
Bi^licatlon.  It  is  evident  that  the  factor 


It  has  not  yet  been  proved  mathematically 
that  the  phenomena  and  curves  for  this  sim¬ 
ple  model  can  be  applied  to  more  complex 
systems.  It  is  taqiied  that  some  judicious 
combination  of  the  theorems  in  Rsfa.  2  and  5 
might  be  made  b  provide  a  sound  basis  for 
working  with  complex  systems,  in  the  mean¬ 
time  these  results  can  ^  regarded  as  pos¬ 
sibly  useful  clueo  b  understanding  the  sys¬ 
tems  with  which  we  work. 

Some  examples  In  our  recent  work  tend 
to  show  some  of  the  effects  just  described. 

In  one  case,  a  computer  was  used  to  compute 
the  normal  modes  of  a  20-ma8s  system  with 
and  ulthout  a  mass-spring  "equipment"  tuned 
to  o.oe  of  the  vehicle  modes.  The  peak  ac¬ 
celeration  of  the  equipment  for  a  step-force 
Input  corresponded  quite  well  with  the  energy 
of  the  vehicle  mode  flowing  Into  the  equip¬ 
ment  eprihg. 

In  a  Lockheed  rocket  it  was  obaarved  that 
a  certain  mode  of  the  etructnro  respemded 
very  itrcngly  to  random  forces  in  flight,  b 
mother  mlselle  this  reapoose  was  mysteri¬ 
ously  missing.  It  is  now  sui^cted  t^  the 
region  of  force  injiut  of  the  first  missile  in¬ 
volved  a  local  stnjcture  tuned  to  the  frequency 
of  the  missile  mode. 

As  a  final  example,  It  seems  significant 
that  the  largest  oscillations  seen  on  shock 
and  vibration  records  ai'S  very  often  char¬ 
acterized  by  beats.  Although  a  vehicle  may 
have  a  large  number  of  modes  in  the  fre¬ 
quency  range  of  a  recording  instrument,  very 
few  of  these  are  prominent  on  a  given  record. 
Only  a  few  satisfy  the  conditions  for  good 
transmission  and  these  often  show  the  beat 
effect  tound  to  accompany  good  transmission 
in  the  simple  model. 
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ON  THE  PtEDiaiON  OF 
DYNAMIC  ENVIRONMENTS 

R.  W.  Mustain 

Northrop  Corporation,  Norair  Division 
Hawthorne,  California 


Estimates  of  jet  engine  noise,  rocket  engine  noise,  and  boundary- layer 
noise  have  been  computed  and  are  presented.  Actual  field  data  &re 
compared  with  predictions,  and  predicted  vibration  response  is  also 
discussed.  Field  data  of  vibration  levels  created  by  acoustic  inputs  are 
presented.  Predictions  for  a  hypothetical  rocket  of  2  x  10*-pound  thrust 
are  aiso  presented. 


INTRODUCTION 

What  Is  the  basic  dynamic  environmental 
problem  on  aircraft  and  missiles?  When  and 
where  did  this  environmental  difficulty 
origiiiate  ? 

In  order  to  answer  these  fundamental 
questions,  the  reader  must  reium  to  the 
beginning  of  the  Air  Age  on  December  17, 
1903.  On  that  historic  date  the  Wright 
brothers  piloted  the  world's  first  flights  in 
a  motor-driven,  heavler-than-air  piane  and 
thus  ushered  in  the  era  of  flight  with  its 
iransports,  fightere,  bombers,  helicopers, 
missiles,  satellites,  glide-bombers,  etc. 

Then  It  was  that  man  first  successfully 
faced  the  basic  dynamic  problem  of  building 
an  optimum  strength/weight  airframe  with 
the  required  equipment  capable  of  enduring 
the  specific  dynamic  environment.  In  contra¬ 
distinction  to  the  mighty  and  complex  weapon 
systems  of  this  modern  period,  the  Kitty  Hawk 
biplane  with  its  12-horsepower  motor  presents 
but  a  whisper  of  dynamic  excitation.  Yet,  the 
task  accomplished  by  tlie  Wright  brotliers  in 
constructing  a  suitable  frame  for  that  small 
motor  with  its  relatively  minor  excitations 
compares  well  with  the  gigantic  tasks  con¬ 
fronted  by  the  dynamic  engineers  of  today. 


It  is  safe  to  assume  that  Orville  and 
Wilbur  Wright  knew  practically  nothing  of 
such  sophisticated  terms  aa  power  spectral 
density,  spati&i  correlation,  randomness, 
stochastic  processes,  sutlonary  processes, 
power  transfer  functions,  autocorrelation 
function,  ensemble,  etc.  However,  sciphlsii- 
cated  as  these  terms  sppear  to  the  laymsn, 
the  foundation,  the  framework,  and  the  build¬ 
ing  blocks  for  present  day  dynamic  formula¬ 
tions  had  been  e  itabllshed  already  by  men 
like  Newton,  Gauns,  Raylel.gh,  Strouiwl,  etc. 
For  example,  Kari  Friedrich  Gauss  had 
made  valuable  mathematical  contributions  in 
the  early  part  of  the  19th  Century  that  are 
recognized  today  in  any  concept  of  normality 
and  randomness.  In  1877  Lord  Rayleigh  pro¬ 
vided  an  early  foundation  for  medens  theories 
on  stochastic  (random)  methods.  In  The  The¬ 
ory  of  Sound,  he  discussed  vibrations  with 
Tpimse  accidentally  detHrmined"  and  formu¬ 
lated  the  circular  distribution  that  describes 
the  ampUbade  r ,  or  envelope  of  random  vi¬ 
brations.  The  Rayleigh  distribution  shows 
the  probability  of  a  resultant  amplitude  oc¬ 
curring  between  r  and  r  +  dr  when  a  large 
number,  n ,  of  unit  vibrations  are  compounded 
at  random.  This  is  how  the  piobabillty  was 
given  originally  by  Rayleigh 
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2  -r*  j  /<' 

— j-exp — j-rdr  .  (1/ 

na  na 

For  power  specira  mathematice  this 
probability  can  be  expressed  in  the  modern 
form 

(2) 

(See  Refereuces  1  and  2.) 

It  is  Interesting  to  point  out  that  Stroubal 
had  predicted  Strouhsl  values,  fo/v,  in  1876 
that  may  be  considered  reasonably  accurate 
at  this  date.  His  calculations  displayed  a 
maximum  Strouhal  number  of  0.2  for  a 
Reynolds  number  of  2000. 

This  brief  discussion  has  been  inserted 
for  the  purpose  of  inference.  Imagine  that 
the  founders  of  aviation,  Orville  and  Wilbur 
Wright,  had  advanced  to  a  technical  state 
wherein  acoustical  and  vibration  analyses 
were  deemed  beneficial.  Then,  it  can  be 
inferred  that  the  essential  teclmical  ingre¬ 
dients  were  available  for  development 
under  a  desired  and  guided  impetus.  This 
impetus  has  gradually  evolved  during  the 
past  decades  and  has  gained  stature  con¬ 
comitantly  with  each  advance  in  propulsion, 
airframe,  and  airborne  equipment.  The 
transition  from  one  type  of  propulsion  sys¬ 
tem  to  newer  and  mnre  powerful  units  him 
resulted  in  greater  velocities,  flights  to 
higher  altitudes,  equipment  complexities, 
end  more  severe  dynamic  environments. 
Throughout  this  continuous  advancement  of 
power  and  velocity  performance  with  its 
concurrent  additional  d3mamic  penalty,  the 
basic  dynamic  snvironmental  problem  has 
remained  the  same. 

The  trend  to  greater  power  plants  has 
ac(:omp;mied  the  tremendous  expansion  of 
the  aviation  industry  through  two  World 
W^s,  the  Korean  War,  and  one  major 
depression.  World  War  I  provided  the  first 
read  encouragement  In  this  rapid  develop¬ 
ment  as  tlie  airplane  began  to  revolutionize 
warfare.  Then,,  in  the  twenties  and  thirties, 
the  advent  of  in-line  englnec  and  powerful 
radial  engines  created  noticeable  vibration 
problems  and  mhtor  acoustic  enigmas. 

With  the  second  World  War  the  airplane 
came  into  its  own  as  a  mighty  weapon  of 
attack  and  destruction.  During  the  acceler¬ 
ated  developments  of  World  War  H,  m.'inned 
aircraft  became  complex  systems  with 
powerful  enfflnes  capable  of  inducing 


relatively  large  vibrations  in  relation  to 
previous  environments.  Furthermore,  de¬ 
velopment  of  delicate  airborne  electronics 
for  controls  and  guidance  created  compo¬ 
nents  with  low-fragility  levels.  A  major 
transition  in  aircraft  engines  occurred  near 
the  end  of  World  War  II  when  the  first  jet- 
propslled  aircraft  speared  (the  P-56  and 
the  P-80)  to  present  a  new  dynamic  environ¬ 
ment  containing  troublesome  acoustic  excita¬ 
tions.  In  due  time  the  dynamic  engineers 
became  acquainted  with  the  many  pitfalls  of 
the  jet  engines  and  their  attendant  vibrations 
and  their  random-type  forces  that  caiwe 
equipment  and  structural  failures. 

Then,  before  the  jet  dynamic  problem 
could  be  conquered,  the  next  type  of  propul¬ 
sion  system  entered  the  scene.  The  last 
decade  lias  seen  the  space  age  become  a 
reality  with  its  multistage  vehicles  and  its 
thunderous  rocket  engines  producing  thrusts 
in  the  hundreds  of  thousands  of  pounds  and 
even  threatening  to  enter  the  million-pound 
class.  Phasing  into  the  high-thrust  rocket 
systems  created  severe  shock,  vibration, 
and  acoustic  environments.  Although,  the 
previous  engines  had  provided  some  dynamic 
difficulties,  thefle  difflcultiea  were  miagnified 
by  several  degrees  In  the  missile  and  space 
programs.  The  dynamic  environment  has 
accounted  for  numerous  Incomplete  missile 
missions  sttrlhuted  to  equipment  and  struc¬ 
tural  failures. 

The  many  recent  equipment  and  siruciural 
failures  on  aircraft  and  missiles  have  en¬ 
hanced  the  value  of  predicting  dynamic  envi¬ 
ronments.  Solution  of  the  basic  dynamic 
problem  requires;  (1)  an  adequate  definition 
of  the  dynamic  environment,  (2)  the  deter¬ 
mination  of  fragility  levels,  and  (3)  the  de¬ 
sign  of  equipment  and  structures  so  that 
their  fragility  levels  exceed  the  dynamic 
environmental  levels.  There  is  a  fundamental 
requirement  for  a  reasonable  definition  of  the 
dynamic  environment  during  early  design 
btages  in  aircraft  and  missile  programs. 
Experience  has  shown  that  lack  of  awareness 
of  these  dynamic  excitations  and  their  dam¬ 
aging  responseo  has  resulted  in  mission 
failures,  numerous  design  changes,  and 
manufacturing  delays.  On  the  other  hand,  a 
sensible  consideration  of  the  e:q)ected  vibra¬ 
tion  and  acoustic  forces  will  result  in  im¬ 
proved  performance  and  greater  reliability 
of  aircraft  and  missiles. 

Several  metiiode  of  predicting  dynamic 
envS’’onment8  have  been  formulated  by  Indi¬ 
viduals  and  organizations  within  the  dyi'.arnlc8 
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field.  Sume  of  these  prediction  techniques 
have  been  studied  and  investigated.  Perhaps 
the  most  important  acoustic  predictions  are 
those  that  provide  estimates  of  acoustic  lev¬ 
els  generated  by;  (1)  Jet  engines,  (2)  rocket 
engines,  and  (3)  boundary  layers.  Example 
predictions  which  use  some  of  the  investi¬ 
gated  methodologies  are  given  in  this  paper. 
Actual  calculations  of  acoustic  levels  for  Jet 
engines,  rockets,  uid  aerodynamic  propaga¬ 
tions  are  listed  in  the  Appendices. 

,  Acoustical  predictions  for  a  hypoteetical 
rocket  engine  with  a  thrust  of  2  x  10^  pounds 
have  been  made.  Assuming  certain  required 
data  (i.e.,  weight  flow,  noszle  diameter,  mis¬ 
sile  len^h,  and  trajectory),  the  following 
estimations  were  made  and  are  included  in 
this  paper: 

(1)  Rocket  exhaust  noise  spectrum, 

(2)  Sound  pressure  levels  for  the  various 
stations, 

(3)  Boundary-layer  noise  levels. 


JET  ENGINE  NOISE 

Soon  after  the  aK)earance  of  Jet  engines 
it  became  apparent  that  the  high- intensity 
noise  levels  generated  by  the  Jet  exhaust 
flow  were  not  only  troublesome  to  personnel, 
but  were  so  intense  that  they  contributed  to 
equipment  and  structural  failures.  This 
sonic  fatigue  problem  hastened  the  analyses 
and  measurement  of  Jet  engine  noise.  So 
that  ill  the  intervening  years  there  has  ac¬ 
cumulated  a  vast  amount  of  valuable  litera¬ 
ture  and  data  on  Jet  noise.  The  Jet  phe¬ 
nomena  have  been  well  described  and  defined 
during  the  past  decade.  Th‘  i  has  resulted  in 
ihe  formulation  and  verification  of  several 
prediction  and  estimation  procedures.  For¬ 
tunately,  these  predictions  have  been  pri¬ 
marily  based  on  and  confirmed  by  the  wealth 
of  available  empirical  data  (3,4,5).  For  this 
reason,  this  paper  will  pracUca^y  civcum- 
vent  the  Jet  engine  noise  problem.  However, 
a  brief  review  of  some  salient  poinis  will  be 
presented  with  a  sample  prediction  and  a  lew 
empirical  data  points. 

The  noise  produced  by  the  jets  is  primarily 
aer(5dynamlc  noise  that  Is  generated  by  the 
turbulent  mixing  which  occurs  at  the  boundary 
of  the  Jet  stream.  In  general,  most  prediction 
methods  and  analytical  solutions  have  neg¬ 
lected  the  least  understood  and  perhaps,  neg¬ 
ligible  effects  of  other  minor  noise  sources 


found  In  Jet  engines.  It  is  entirely  possible 
that,  depending  on  the  engine  configuration, 
sources  such  as  compressor  whine,  com  ¬ 
bustion  noise,  duct  noise,  combustion  insta¬ 
bilities,  engine  resonances,  etc,,  may  radiate 
considerable  acoi’itlc  energy  and  In  some 
lndlvidu.al  cases  might  even  cause  structural 
and  equipment  failures.  For  example,  the 
high  fluctuating  pressures  develop^  within 
Jet  engine  inlet  ducts  have  created  sonic- 
fatigue  failures.  These  failures  are  a  func¬ 
tion  of  several  possible  sources.  To  exem¬ 
plify,  they  may  result  from  forces  caused  by 
(1)  compressor  noise  radiated  forward,  (2) 
boundary-layer  noise  within  the  duct  or  (3) 
radial,  sloshing,  or  longitudinal  modes  within 
the  duct.  The  absence  of  these  and  similar 
functions  from  acoustic  predictions  may 
yield  unconservative  answers. 

Whereas  the  aerodynamic  noise  created 
aft  of  the  Jet  exit  has  been  the  principle  fac¬ 
tor  In  most  jet  engine  considerations,  some 
aspects  of  this  forcing  function  will  be  re¬ 
viewed.  Beginning  at  the  plane  of  nozzle 
there  exists  a  central  core  or  cone  wherein 
the  flow  is  qiproximately  sonic  and  wherein 
thare  is  little  or  no  turbulsince.  Surrounding 
this  potential  cone  Is  sn  annular  mixing  re¬ 
gion  that  runs  downstream  from  the  orifice 
to  the  of  the  cone.  At  this  point  (approx¬ 
imately  5  diameters  downstream)  the  cone 
has  vanished  and  has  been  replaced  by  the 
turbulent  front  which  now  rssches  the  Jet 
axis.  The  shear  differential  between  the  Jet 
efflux  and  the  ambient  atmoaphere  generates 
a  turbuleBt  boundary  layer  commencing  In 
the  annular  region  and  spreading  downetream. 
These  eddies  travel  idmost  with  the  speed  of 
the  Jet  flow.  It  has  been  found  that  the  angle 
of  spread  of  the  Jet  boundaries  is  between 
T.5  degrees  to  10  degrees  for  subsonic  jets 
(0).  Certain  Investigations  have  indicated 
that  the  maximum  noise  is  generated  near 
the  tip  of  the  jet  core  (7).  Analytical  results 
by  Powell  (8)  Imply  that  moot  of  the  noise 
power  is  generated  at  constant  rate  along  the 
jet  from  exit  to  the  end  of  the  cone,  Rlbner 
(9)  found  Uiat  this  power  is  constant  with  X 
(distance  from  the  nozzle)  In  the  initial  mix¬ 
ing  region  (X®  law),  then  farther  down8trea)n 
(about  8  to  10  diameters)  it  falls  off  ex- 
tr*»mely  fast  (X"’  law  or  faster)  In  the  fully 
developed  jet.  Studies  ot  these  turbulent 
flown  show  that  as  the  boundary  layer  is  thin 
in  the  annular  region  adjacent  to  the  jet  exit, 
bi^-frequency  excitations  will  be  generated 
near  the  nozzle.  In  like  manner,  the  larger 
eddies  produce  low-frequency  excitations 
downstrezm. 
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Quadrupole  sources  were  considered  as 
the  principal  noise  generators  in  a  fluctuat¬ 
ing  flow  by  Lighthill  (10,11)  wten  he  derived 
the  parameter  for  acoustic  power.  Lighthlll's 
parameter  or  the  v®  law  is 


where 

P  is  the  total  acoustic  power, 

Pi  is  the  ]et  density, 

D  is  the  nozzle  diameter, 

V  is  the  Jet  velocity. 

Pi  is  the  density  of  the  atmosphere, 

a  is  the  atmospheric  speed  of  sound. 

The  V®  b’  term  is  characteristic  of  jet 
noise  power  which  appears  to  be  generated 
by  a  mixture  of  lateral  and  longitudinal 
quadrupoles  (6). 

Estimations  of  Jet  acoustic  power  may  be 
made  when  certain  engine  parameters  are 


itnown.  By  using  the  required  engine  data, 

(i)  the  acoustic  power,  (2)  the  sound  *x)wer 
level,  and  (3)  the  sound  pressure  levels  at 
various  locations  were  estimated  lor  the  T-38 
airplane.  The  calculations  are  given  in  Ad¬ 
dendum  A  which  accompanies  this  p‘g)er.  The 
estimated  sound  pressure  levels  for  30-foot, 
100-foot,  and  250-foot  radii  are  diq)layed  in 
the  polar  plot  of  Fig.  1 .  Measurements  for 
the  50-foot  radius  on  two  T-38  airplanes  have 
been  included  for  comparative  purposes.  It 
can  be  observed  that  the  field  values  are 
higher  than  the  predictions  near  the  nose  of 
the  aircraft.  A  possible  explsnation  for  this 
difference  is  thst  the  estimation  reflected 
only  the  noise  generated  by  the  turbulent 
exhaust  Jet.  That  is,  the  calculations  did  not 
consider  individual  aircraft  variables  such 
as  engine  and  duet  design.  As  a  matter  of 
fact  it  was  later  found  that  the  duct  design 
induced  high-pressure  fluctuations. 


THE  MISSILE  ENVUUWMENT 

A  primary  design  consideration  for  any 
rocket-boosted  vehlkle  Is  ^  effect  of  scous- 
tlc  and  vibration  excitabhns  on  the  vehicle 
structure  and  on  delicate  airborne  equipment. 
Naturally,  these  dynamic  forcing  functions 
display  magnitudes  in  agreement  with  spatial 


Fig.  1  -  Estimated  vb  measured 
engine  noise  levels  for  a  T-38. 
Overall  sound-pressure  level  as 
a  function  of  angular  position 
from  exhaust  jets  during  mili¬ 
tary  power  operation  (100  per¬ 
cent  rpm  without  after  burner). 
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patterns  and  are  variant  alao  with  time  and 
the  mission  pnrfile.  The  following  list  of 
forciiig  functions  presents  some  of  the  vibro- 
acoustic  so>jrceB  that  must  be  considered, 
predicted,  measured,  and  analyzed  during 
the  course  of  any  missile  program. 

1.  Acoustic  Source 

a.  Aerodynamic  noise 

b.  Rocket  noise 

c.  AmillBry  eituipment 

d<  Seconds^  acoustic  source 

e.  bteraction  of  shock  wave  and 
boundary  layer 

Z.  Vibration  Sources 

a.  Main  power-plant  oscillations 

b.  Auxiliary  equipment 

c.  Aerodynamic  gusts 

d>  Separation  of  stages 

e.  Cooing  vibrations 

f.  Quidance-system  reactions 

g.  Spin-rocket  excitations. 

It  can  be  expected  that  the  space  vehicle 
will  experience  the  most  severe  dynamic  en¬ 
vironment  during  the  launch  phase.  There 
can  be  no  doubt,  but  that  the  sound  field  of 
the  rocket  engine  is  the  most  Important 
source  of  vibration  and  that  aerodynamic 
noise  ranks  second  in  source  severity.  An 
example  of  high-intensity  noise  levels  from 
solid-prcpellinl  rocket  bottles  is  displayed 
in  Fig.  2.  This  field  diagram  depicts  exter¬ 
nal  sound  pressure  levels  os  a  function  of 
fuselage  station  and  fretfuency  for  a  typical 
firing  at  Cape  Canaveral  on  the  SM-62  Snark 
missile.  The  high  peak  in  the  background  of 
this  thi  ee-dlmensional  plot  displays  a  sound- 
pressure  level  of  190  db  overall.  These 
measurements  were  obtained  by  external 
microphones  mounted  so  that  the  microphone 
buttons  were  flush  with  the  outer  skin  of  the 
missile.  Numerous  Instrumented  launches 
and  firings  were  conducted  on  the  Snark  mis¬ 
sile  that  verified  the  field  data  of  Fig.  2  (12). 
Although  the  Snark  missile  has  been  opera¬ 
tional  for  many  years,  is  launched  in  a  hori¬ 
zontal  angle,  and  is  not  supersonic,  it  is  felt 
advantageous  to  exhibit  and  discuss  these 
high  levels.  The  astonlshhig  fact  ie  that  the 
acoustic  levels  surrounding  the  dependable 
SM-62  missile  are  more  severe  than  those 
upon  any  present  day  missile  and  missiles  in 
the  near  future.  T.he  reason  for  the  higher 
levels  on  the  Snark  missile  is  the  configura¬ 
tion  of  the  Focket-bottie  installation  which 
places  the  exhaust  nozzles  at  fuselage  sta¬ 
tion  647  and  consequently,  the  aft  missile 


structure  receives  the  direct  blast  of  the 
260,000  pounds  of  thrust  and  excitation.  Per¬ 
haps,  it  will  be  some  time  before  any 
vertically-launched  missile  is  exposed  to 
intensities  as  great  as  those  found  within 
and  external  to  the  SM-62  missile.  Further¬ 
more,  the  environmental  conditions  presented 
by  the  Snark  launches  provided  the  stimulus 
for  Noralr  engineers  to  select  optimum  de¬ 
signs  and  to  ccnduct  meaningful  qaaillication 
tests.  The  results  of  this  stimubs  were  the 
design  and  manvtf  acture,  on  a  production 
scale,  ot  delicate  airborne  equipment  capable 
of  withstanding  extreme  acoustic  environments 
that  will  not  be  exceeded  for  some  time  In  the 
future.  This  Is  exemplified  by  the  predictions 
in  this  paper  which  show  the  levels  for  a  hy¬ 
pothetical  two-mllllon-pound  tiirust  vehicle 
to  be  less  than  those  on  the  SM-82  missile. 

Whereas  a  vast  amount  of  vibration  and 
acouBiic  data  were  compiled  from  Snark  fir¬ 
ings  and  launches,  it  was  considered  desir¬ 
able  to  establish  some  type  of  correlation 
between  vibration  levels  and  acoustic  levels. 
Some  typical  correlations  of  vibrttMons  per 
acoustic  levels  vs  frequency  are  given  in 
Figs.  3,  4,  snd  5.  Even  though  these  graphs 
indicate  the  slopes  for  three  different  axes, 
there  appears  to  be  a  reasonable  agreement. 
These  ^a  provide  an  indication  of  expected 
vibration  increments  for  acoustical  ii^uts. 
Many  factors  su^'h  rtnicb'r^l  configura¬ 
tion,  structural  damping,  material  damping, 
resonant  frequencies,  impedance  of  the  struc¬ 
ture,  coincidence,  ground  plane  effects,  etc., 
ester  Into  any  correlation  study.  For  this 
reason  the  specific  case  is  not  applicable  to 
generalizations.  It  is  suggested  that  the  data 
of  Figs.  3,  4,  and  5  be  applied  in  specific 
cases  where,  at  least,  the  damping  and  fre¬ 
quencies  are  known.  Another  possibility  is 
the  usage  of  classical  transmissibility  curves 
scaled  correspondingly  to  yield  responses 
per  the  acoustic  forcing  functions.  These 
solutions  would  be  similar  to  single-degree- 
of-freedom  solutions  and  would  be  based  on 
the  normal  assumptions. 

The  vibrational  environment  at  any  point 
in  a  space  vehicle  is  the  complex  proi^ict  of 
external  and  internal  exciting  forces  accom¬ 
panied  by  the  transmission  of  these  forces 
through  the  vehicle  to  the  point.  During  the 
launch  phase  of  a  missile,  the  tremendous 
noise  gencr'^ed  by  the  rocket  motors  is 
transmitt.' d  through  the  atmospliere  and  re¬ 
flected  Y'f  the  ground  plane  in.  a  symmetrical 
pattern  src4<.d  the  vertical  missile.  Since 
the  rockri  ;iolse  is  essentially  random  or 
"white"  in  nature,  it  creates  resonant 
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Fig.  3  -  Vertical  vibrational  acceleration  and  acouatic  prca- 
eure  measurements  on  structure  F.S.  561,  SM-62  missile 
N.3304 
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Fig.  4  -  Longitudinal  vibrational  acceleration  and  acoustic 
pressure  measurements  on  structure  F.S.  561,  $M-62 
missile  N-3304 
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Fig.  5  -  Lateral  vibration  acceleration  end  acoustic  pres¬ 
sure  measurements  on  structure  F.S.  561,  St/i-b2  missile 
N-3304 


responses  oi  skin  psnels  and  structures. 

The  magnitude  of  this  excitation  depends 
upon  the  frequency  spectrum,  the  amplitude, 
the  space  correlation  of  the  noise,  and  the 
mechanical  Impedance  of  the  structure.  The 
resulting  vibrational  energy  la  transferred 
throughout  the  missile  to  stdmtructure  and 
equipment.  Some  the  panels  act  as  sec¬ 
ondary  noise  sources  and  radiate  acoustic 
energy  into  the  vehicle's  compartments.  In 
turn,  some  of  these  bays  become  semlre- 
verberart  chambers  to  raalntaln  fairly  hi^ 
acoustic  levels. 

The  noise  generated  by  a  rocket  motor 
results  primarily  from  turhulence  in  the 
subsonic  mixing  portion  (rf  its  jet  stream. 
The  amplitude  tuid  spectrum  of  this  noise 
are  dependent  upon  various  jet-stream 
parameters,  distance  from  the  jet  stream, 
imd  jpon  direction  relative  to  the  exhaust 
stream  direction.  The  spectra  can  be 
treated  mathematically  in  spectral  density 
terminology.  All  data  indicate  that  the 
rocket  noise  reaches  a  maximum  during 
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on  the  launch  pad  configuration.  Rocket 
noise  reflected  from  the  ground  plane  domi¬ 
nates  the  environment  for  the  first  1  to  2 
seconds  of  flight  until  the  nozzles  reach  an 
altitude  on  the  order  of  60  nozzle  diameters 
(7).  By  this  tuns  the  mlesiie  is  at  an  altitude 
wherein  the  i^ket  exhaust  flow  is  unob¬ 
structed.  Whereupon,  at  this  point,  the  effect 
of  forward  vehicle  motion  reduces  the  noise 
env.lroRment  surrounulng  tiie  missile.  As  in® 


missile  velocity  increases,  rocket  noise  for¬ 
ward  of  the  nozzle  decreases  sppfoxlmately 
with  the  square  of  the  missile's  velocity 
until  Mach  0.5  is  reached,  after  which  it 
decreases  more  rapidly,  a^iroaching  zero  at 
Mach  one.  This  dscreue  In  noise  level  with 
incroaead  mlesile  motion  is  shown  in  Fig.  6 
(IS).  Some  controversy  exists  over  this  re- 
Istionahip.  ModiflcatloiB  of  this  offset  can 
be  found  in  Refs.  (7)  and  (14).  It  le  contended 
that  the  dbq)lay  in  Pig.  I  provides  realiitic 
values. 

The  spectra  and  levels  in  the  rocket's 
near  field  are  dependent  on  additional  factors 
which  include  shoc'i-wave  formation  end 
stability,  and  the  formation  and  stability  of 
afterbumlBg  in  the  jet  stream.  The  nolle 
has,  in  general,  a  continuous  random  level 
spectrum,  but  may  contain  some  discrete 
frequencies.  Two  different  methods  for  pre¬ 
dicting  acoustic  power  levels  are  listed  be¬ 
low  for  comparison.  (Note  -  these  are  in¬ 
cluded  in  the  Appendices.) 

A.  fd'vui  jne&cfl'CiicG 

OA  PW,  =  78  +  13.5  logjp  \ 

in  db  re  10'^®  watts, 

where  =  mechanical  power  of  jetstream 
in  waits, 

\  =  0.676  tv  =  0.676  (t^g^w, 
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Fig.  6  -  Effect  of  miBsile  motion  on  exheuit  noise. 
Mach  number  based  on  speed  of  sound  in  ambient 
atmosphere.  From  Journal  Acoust.  Soc.  Am.,  Vol. 
30,  No.  11,  November  1958. 


with  V  n  (tg)/w  E  gas  velocity  at  nozzle  in 
feet  per  second, 

t  >  thrust  in  pounds, 

g  a  gravitationsd  constant  >  32.2 

it/stec 

w  *  weight  flow  in  Ib/aec, 
then  PTi.  -  78  +  18.5  logn,  0.676  (t^g)/w  . 

2.  From  Reference  (16). 

PfL--10  log.o7,MO  lcg,o  --"— ,3  (5) 

where  rj  «  efficiency  of  conversion  of  me” 
chanical  power  to  acoustical 
power. 

SPL  =  SPLp  -  20  Jog  R  +  10  log  G* , 

where  the  reference  sound  pressure  level 
SRLg  Is  given  relative  to  the  overall  power 
level  and  is  ba^ed  on  Strouhal  numbers,  fo/v. 

SPLg  =  PWL  -  Strouhal  number  factor. 

In  addition  to  the  acoustic  energy  gener¬ 
ated  by  the  rocket-motor  exhaust,  vibratory 
forces  from  the  rocket-motor  casing  are 
mechanically  transmitted  through  the  vehicle 
structure.  This  energy  includes  random 
forces  resulting  from  thrust  variation,  com¬ 
bustion  instability,  etc.,  together  with  tran¬ 
sient  excitations  ^ring  Ignition.  The  inter¬ 
nal  vibratory  energy  resulting  from  the 
rocket  can  occur  either  in  space  or  in  the 


sensible  atmosphere,  whenever  a  rocket  is 
used  for  propulsion  or  steering. 

An  important  external  source  Is  the  aero¬ 
dynamic  noise  which  results  from  turbulence 
in  the  boundary  layer.  Its  magnitude  and 
spectra  appaar  to  correlate  with  local  flow 
parameters  in  a  manner  which  allows  math¬ 
ematical  spectral  density  treatment  and  rea¬ 
sonably  accurate  prediction,  depending  upon 
the  aerodynamic  prediction  of  flow  condi¬ 
tions.  Three  different  ef^uatlone  for  predict¬ 
ing  serodynamlc  noise  are  presented  below 
for  comparison  sad  for  general  Interest: 

1.  Reference  (17). 

OA  SPL  =  20  log  Q/500  +  130  db  ,  (6) 

2.  Reference  (16). 

OA  SPL  =  20  log  Q  +  85  db  ,  (7) 

whe.’'e  ST.  Je  the  level  of  the  overall  pres¬ 
sure  fluebMions  at  the  surface  and  Q  is  the 
free  stream  dynamic  pressure  in  Ibs/sq  ft. 

3.  Reference  (7). 

OA  SPL  =  82  +  20  log  Q .  (8) 


THE  HYPOTHETICAL  VEHICLE 

A  research  study  was  conducted  to  deter¬ 
mine  tile  acoustic  environment  surrounding 
a  hypothetical  missile  powered  by  a  two- 
million-pound-thrust  engine.  Acoustic  pre¬ 
dictions  were  made  of  (1)  the  noise  generated 


23 


by  the  rocket-exhauBt  stream  and  (2)  the 
nclse  generated  by  the  boundary  layer. 

The  trajectory  shown  in  Fig.  7  plus  the 
following  basic  design  data  were  required 
for  this  inveetlgation; 

1.  Thrust,  2  million  pounds, 

2.  Weight  flow,  2500  pounds  per  second, 

3.  Noasle  diameter,  25  feet, 

4.  Length,  301  feet. 

The  trajectory  used  in  this  study  is  as¬ 
sumed  to  be  typical  of  a  nuclear-powered 
rocket  which  uses  liquid  hydrogen  as  a  pro¬ 
pellant.  The  specific  impulse  (i,^)  associ¬ 
ated  with  this  trajectory  is  900  seconds 
which  is  indicative  of  a  high-performance 
rocket. 

The  trajectory  is  baaed  on  an  initial  tip- 
over  at  an  altitude  of  5000  feet  with  the  end 
of  tip-over  occurring  at  an  angle  with  the 
local  horizontal  of  t«tween  60  8.nd  70  de¬ 
grees.  The  burnout  velocity  is  approxi¬ 
mately  36,000  fps,  which  is  about  equal  to 
the  earth's  escape  velocity.  A  trajectory 
with  an  initlsi  thrist  to  weight  ratio  cl  1.5 
was  8ele';tb<i  as  being  representative  of  a 
typical  mission.  The  trs^ectory  graph  of 
Fig.  7  displays  the  dynamic  pressure,  the 
altitude,  ton^tudinal  acceleration,  and  ve¬ 
locity  vn  time  for  the  hypothetical  vehicle. 

Prior  to  a  detailed  exa«tr.»itlon  of  the 
estimated  acoustic  levels  for  this  mission, 
it  appears  apprqiiriata  to  review  briefly  the 
major  acoustical  effects  on  a  chronolo^cal 
pattern.  As  stated  previously,  the  rocket- 


exhaust  noise  will  manifest  itself  most  se¬ 
verely  before  the  vehicle  rises  a  distance 
equivalent  to  approximately  50  exit  nozzle 
diameters.  The  severity  of  this  condition  is 
caused  by  the  deflection  of  the  exhaust 
stream,  the  aiatic  condition  of  the  vehicle, 
and  the  ground  reflection.  After  the  vehicle 
leaves  the  launch  pad  It  begins  to  gain  veloc¬ 
ity  and  then  the  effect  of  missile  motion 
(shown  in  Fig.  6)  becomes  apparent  until,  on 
approaching  Mach  one,  the  rocket  noise  ^s- 
appears.  On  the  other  hand,  as  the  vehicle 
moves  with  Increased  velocity  through  the 
atmosphere  another  sound  source  emerges— 
bound^- layer  noise.  Originally,  the 
boundai7-iayer  noise  is  masked  during  the 
launch  phase  by  the  intense  rocket  noise  and 
is  not  propagated  in  any  degree  until  the 
sonic  spe^  range  is  reached.  This  propa¬ 
gation  of  noise  in  the  boundary  layer  is  a 
function  of  dvnatnic  pressure  (see  Eqs.  (6), 
(7),  and  (C)).' 

In  line  with  the  above  time  pattern  of  de¬ 
scribing  the  dynamic  environment  of  the 
missile,  the  first  major  consideration  be¬ 
comes  the  rocket-exhiAust  noise.  The  two- 
milUon-pound-thnist  engine  produces  an 
overall  sound  power  level  somewhere  In  the 
range  from  215  to  220  db  overall  (re  10'^^ 
watts).  For  comparative  purposes  the  over* 
all  sound  poweir  level  was  ccmpv.ted  by  both 
Lq.  (4)  and  Eq.  (5).  The  former  equaUon 
pzovided  a  value  of  220  db  and  the  latter 
yielded  a  level  of  215.4  db.  Many  of  the  cal- 
culvUtms  for  thla  mission  are  llstsd  in  the 
Appendices,  They  have  been  provided  for 
the  convenience  and  perusal  of  the  design 
engineer  who  desires  to  become  familiar 
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Fig.  7  -  Trajectory  for  two-miilion-pound  thrust 
missile  study 
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with  this  methodology.  The  power  level 
spectra  for  the  rocket  noise  were  computed 
also  and  are  presented  with  the  overall  value 
from  Eq.  (4)  In  the  graph  of  7ig.  8.  These 
octave -band  data  show  clearly  that  the  great¬ 
est  concentration  of  energy  for  this  spectrum 
occurs  in  the  low-frequency  end.  This  peak¬ 
ing  oi  energy  In  the  low  end  of  the  spectrum 
Is  reasonable  for  such  a  large  sited  rocket. 

It  must  be  pointed  out  that  these  low- 
frequency  excitations  can  be  Injurious  to 
delicate  airborne  equipment  and  structure 
and,  In  addition,  are  not  easily  dissipated. 

Next,  calculations  were  made  of  the  sound- 
pressure  levels  surrounding  seven  spatial 
points  on  the  huge  301-foot  missile  and  these 
levels  are  presented  graphically  in  Figs.  9, 

10,  11,  and  12.  For  the  static  firing,  the  as¬ 
sumption  was  made  that  a  turning  bucket  was 
located  30  feet  below  the  vehicle  during  the 


initial  launch  phase.  Theoretically,  this 
tends  to  increase  the  levels  on  the  missile 
over  free-fleld  conditions.  Thus,  the  sound- 
pressure  levels  on  the  structure  are  higher 
for  the  static  firings  than  they  are  in  flight. 
For  the  static  firings  the  turning  bucket 
geometry  was  Included  In  the  calculations  to 
establish  source  distance  for  the  calcula- 
tlona.  These  data  are  not  given  in  this  paper 
or  its  Appendices.  Figure  9  portrays  the 
ctatic  ground-firing  noise  spectra  with  the 
turning  bucket  for  octave  bands  and  50-foot 
Increments  forward  of  the  noszle.  The  posi¬ 
tive  sli^e  shown  by  the  aero  data  points  in¬ 
dicates  that  the  hl^-frequency  excitations 
are  generated  close  to  the  exl<aust  no2xle 
while  the  low-frequency  sources  can  be  found 
further  downstream  of  the  nozzle.  The  three- 
dimensional  spectrogram  of  Fig,  10  provides 
a  visual  view  of  sound-pressure  levels  as  a 


Fig.  8  -  Two-miUlon-pound  thrust  miesile  study,  ycoaslic 
power  level  spectra  of  exhaust  stream 
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Fig.  9  -  Static  ground  firing  noise  spectra  for  two- 
millioB-pound  missile.  Turning  bucket  30  feet  below 
vehicle 
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function  of  missile  location  and  of  octave 
bands.  This  three-dimensional  plot  provides 
an  excellent  Indication  of  the  spectrum  dis¬ 
tribution  and  shows  the  low-frequency  exci¬ 
tations  to  be  fairly  constant  in  magnitude 
throughout  the  missile  while  the  high  fre¬ 
quencies  peak  up  near  the  exhaust  nozzle. 

Slightly  iowor  levels  are  found  in  tlie 
pictorial  plots  of  the  low-altitude  launch 
phase.  These  data  occur  when  the  missile 
has  attained  stiflicient  altitude  to  escape  the 
ground  plane  effect  and  Urns  allow  the  exhaust 
stream  to  flew  unobstructed.  This  condition 
can  be  found  somewhero  in  the  altitude  re¬ 
gion  from  20  to  60  nozzle  diameters  above 
the  ground.  In  order  to  be  more  specific, 
the  value  of  fO  nozale  diameters  has  been 
selected  for  this  discussion.  The  levels  for 
this  low-altitude  launch  phase  have  been  In- 
creimed  over  the  free-fleld  condition  so  as 


to  compensate  for  the  missile  configuration 
(structure,  skin  panel  effects,  etc.).  K  por¬ 
tion  of  the  free -field  calculations  has  been 
included  in  Appendix  C  for  interested  par¬ 
ties.  The  launch  phase  spectra  curves  ex¬ 
hibited  In  Fig.  11  are  similar  to  the  data 
displayed  In  the  static  firing  plot  of  Fig.  B. 
The  positive  slope  for  the  sound-pressure 
levels  near  the  noasle  (zero  distance)  shows 
the  hl^-frequency  peak  again.  Also,  the 
constancy  of  the  low-frequency  acoustic  lev¬ 
els  can  Im  seen  tor  excitations  below  12CK) 
cps.  These  effects  are  more  vividly  depleted 
in  the  three-dimensional  spectrogram  of  Fig. 
12.  A  study  of  this  pictorial  display  indi¬ 
cates  that  the  spectra  become  uniformly 
"white"  somewtere  between  the  norsle  and 
50  feet  forward  of  the  nozzle.  The  usual  at¬ 
mospheric  attenuation  shapes  the  spectra  so 
that  peaks  occur  in  the  low-frequmcy  region 
with  Increased  distance  forward  of  nozzle. 


Fig,  10  -  Three-dimensional  plot  of  static  firing  noise  spectra 
shov^’n  in  Fig.  9 
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Fig.  11  -  Launch  phase  noise  spectra  fcr  two-million 
pound  missile.  Low-altitude,  low-velocity  flight. 
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Fig.  12  -  Three-dimensional  plot  of  launch  phs.se  noise  spectra  shown  in  Fig.  11 


In  regard  to  transtniscion  loes  through 
the  missile  skin  and  structure  it  can  be  ex¬ 
pected  that  the  overall  levels  within  the 
missile  will  be  diminished  by  5  to  IS  db.  A 
suitable  average  or  "ball-pai*k"  figure  for 
this  diminution  in  level  is  a  value  of  10  db. 
Certainly,'  the  transmission  loss  will  vary 
for  each  individual  missile  configuration  and 
will  vary  with  many  factors  such  as  skin 
thickness,  material  damping,  resonant  fre¬ 
quencies,  coincidence  effects,  cavity  reso¬ 
nances,  reverberation  effects,  the  amount  of 
fuel  or  equipment  in  the  bays,  etc.  Field 
data  from  ftuu*k  booster  firings  (12)  provide 
actual  results  of  transmission  effects  under 
high- intensity  oxcitations.  ILxiemal  micro¬ 
phone  measurements  on  the  Snark  mlaslle 
disclose  a  uniformity  of  frequency  that  indi¬ 
cates  the  boosters  are  essentially  a  white 
noise  source.  This  can  be  observed  in  the 
spectrum  of  Fig.  2  which  shows  a  relatively 
uniform  distribution  at  fuselage  station  625. 
This  location  io  very  close  to  the  booster 
nozzles  and  is  representative  of  the  booster 
excitations.  Reference  (12)  discloses  that 
peaked  and  skewed  curves  are  found  on 
Snark  acoustic  measurements  where  the 
booster  blast  Is  attenuated  by  obstructions 
or  resistances.  The  Lntemal  microphones 
on  the  Snark  missile  exhibit  launch  spectra 
with  the  highest  acoustic  energy  in  the  low 
frequencies.  Most  cf  the  internal  micro¬ 
phone  spectra  follow  a  negative  slope  after 
low-trequency  maxima  and  decline  to  minima 
at  10,000  cps.  These  drta  show  that  the 
major  portion  of  the  acoustic  energy  is 
somewhere  below  300  cps.  Maxima  are  ob¬ 
served  at  80,  100,  125,  160,  200,  250,  and 
315  cps  for  Snark  Lnterual  electroacoustic 
measurements.  The  Snark  data  indicate  that 
an  average  transmission  loss  of  10  db  is 
reasonable. 


The  nol.'«e  level  surrounding  the  hypotheti¬ 
cal  vehicle  decreases  immediately  after  the 
launch  phase  until  a  sufficient  velocity  is  at¬ 
tained  to  develop  boundary-byer  noise.  These 
"pseudo-sound"  fluctuatimi*  are  proportional 
to  the  freestream  pressure  (lee  Eqs.  6,  7, 
and  8).  Therefore,,  an  examination  of  tte 
trajectory  in  Fig.  T  indicates  that  the  maxi¬ 
mum  value  of  boundary-layer  nolle  will  oc¬ 
cur  after  laui^h  when  the  dynamic  pressure 
reaches  ita  maximum  value  of  590  pel.  These 
randomly  Ductuailng  hydrodynamic  preneures 
can  be  deedmposed  by  Fourier  methods  Into 
a  patterft  of  einusoldal  waves  (6)  spreading 
downstream  with  various  an^es  of  yaw.  It 
Is  further  Iseumed  that  this  wave  pattern  is 
Idealized  and  moving  uniformly  by  convection 
(Uie  pressure  fluctuation  at  any  point  is  thus 
caused  by  the  motion).  A  running  ripple  In 
the  skin  follows  underneath  each  wave,  and 
the  noise  is  achiaily  the  result  of  these 
ripples. 

The  boundary  layer  or  "panUng"  noise  ex¬ 
hibits  a  broad  spectra  which  can  be  estimated 
from  calculations  of  the  Strouhsl  number, 

I  s/v .  Wbsr&  f  is  tbo  frequency,  s  is  the 
boundary-layer  thicknese  and  V  is  the  free 
stream  velocity.  The  maximum  oct£V9-b«_nd 
frequency  of  the  boundary  layer  noise  is 

=  0.4|-cps. 

A  typical  boundary  layer  noise  qiectrum 
based  on  these  relatiooshipe  Ic  plotted  in 
Fig.  13.  It  ran  be  discerned  from  this  plot 
that  the  overall  sound-pressure  level  (Eqs. 

(6),  (7),  or  (8))  is  approximately  5  db  above 
the  maximum  noise  frequency.  The  boundary 
layer  noise  spectra  at  the  maximum  Q  were 
calculated  and  arc  presented  in  Fig.  14.  The 


Fig.  13  -  Typical  boundary-layer  noise  spectrum 
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necessary  calculations  con  be  found  in  Ap¬ 
pendix  C.  Sound-prt'ssure  levels  are  dis¬ 
played  In  Fig.  14  as  a  function  of  frequency 
and  distance  forward  of  the  nozzle.  It  can 
be  seen  in  this  three-dimensional  Ulustra- 
tlon  that  the  high  frequKicics  are  propagated 
near  the  leading  edge.  This  is  a  result  of 
the  frequency  relationship  given  above  where 
it  is  shown  that  frequency  is  a  fufictio*.!  ol 
boundary-layer  thickness.  Supporting  the 
frequency  distribution  of  Fig.  14  is  aerody¬ 
namic  thMry  which  shows  an  istremely  thin 
boundary  layer  near  the  leading  edge.  The 
equation  for  eetimatlng  boundary- layer 
thickness  is 


S  =  d  0,129  . 


where  d  is  the  distance  from  the  leading  edge, 
and  R,,  (Reynolds  number)  io  (Vd)/i/,  where  v 
is  kinematic  viscosity. 


rigure  15  summai'izes  the  previously  de¬ 
scribed  acoustic  environment  of  the  hypo¬ 
thetical  vehicle  with  the  two-milllon-pound- 
thrust  rocket  engine.  This  chronological 
history  of  the  major  acoustic  sources  depicts 
the  sound-pressure  levels  for  50-foot  In¬ 
tervals  forward  from  the  exhaust  noszle. 
Thus,  the  static  firing  levels,  Ute  launch 
phase,  the  diminution  immediately  after 
launch  the  Increase  in  level  to  the  maximum 
Q  value,  and  the  final  decline  to  negligible 
nolee  levels  are  included  in  this  summation. 
This  family  of  curves  suiawB  ti>at  the  moet 
severe  environment  exiets  during  the  first 
few  seconds  of  the  mlesion. 


Fig.  14  -  Bouadary-layer  noise  spectra  at  maximum  dynamic  pressure  calculated 

for  the  hypothetical  vehicle 
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Fig.  15  -  Summary  of  pr»id<cted  time  hiitories  of 
overall  noise  levels  for  the  hypothetical  vehicle 
with  two-million-pound  thrust  rocket  engine 


SU>aiATION  AND  RECf^HMENDATHW 


This  paper  has  dUcussed  tbrae  of  the 
principal  dynamic  environments: 

1.  Jet  engine  noise. 

2.  Rocket- exhaust  noise. 

3.  Boundary-layer  noise. 


In  addition,  a  hypothetical  misaion  of  a 
vehlcla  with  two-million  pounds  of  thrust 
hu  been  described  and  analysed.  Estimated 
acoustic  leve?s  for  the  launch  phase  and  for 
the  maximum  boundary-layer  noise  .were 
presented.  As  expect^,  the  most  severe 
environment  was  displayed  during  the  laurch 
phase  before  the  missile  cleared  the  ground 
plane.  However,  the  levels  obtained  wi  the 
mlssUx’t  structure  were  not  as  great  as  an¬ 
ticipated.  If  these  estimations  are  consid¬ 
ered  reasoinable,  then  it  is  felt  that  structure 
and  equipment  can  be  designed,  with  presently 
available  techniques,  to  withstand  this  hy¬ 
pothetical  acoustic  environment.  R  is  noted 
that  tne  launch  acoustic  environment  of  the 
8M-62  Snark  missile  is  more  severe  than 
that  shown  for  the  powerful  hypothetical 
vehicle.  The  booster  installation  configura¬ 
tion  accounts  for  the  greater  environment 
measured  on  the  Snark  missile. 


In  a  search  for  dynamic  data  during  the 
PMt  year,  it  was  fuuad  that  only  a  limited 
amoimt  of  acoustic  measurementa  Imve  been 
obtained  during  recent  mlesile  firings  and 
flights.  Thsrtfore,  it  is  recolaaisnfM  t*wit 
more  missile  programs  tslm  sr.  interest  in 
acoustic  environments  and  Oiat  adeqsate 
meaaursraenta  be  made  so  as  to  dsfiM  these 
field  environments. 

Many  momentous  seroiuuiilcul  and  space 
developments  have  occurred  etnee  that  his¬ 
toric  day  in  10M  when  the  Wright  brothers 
ushered  in  the  Air-Space  Age.  Yet,  today 
the  basic  dymunic  problem  is  the  eanto  — 
designing  and  buUdlhg  the  structure  and  the 
equipment  to  withstand  the  dynamic  environ¬ 
ment  wildi  a  minimum  weight  penalty. 
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APPENDDC  A 

ACOUSTIC  POWER,  J86-GE-5  ENGINE,  T-38  AIRPLANE 


1.  Operating  CcmdlUcns 

Military  power  (100  percent  RPM  w/o  A/B);  StaUc,  sea  level  operatiwj;  one  engine 

2.  Performance  Characteristics 

Engine  speed 
Net  static  thrust 
Weight  flow 
Nozzle  exit  area 
Total  temperature  at  exit 
Total  pressure  at  exit 


16,500  RPM 
1934  lb 
37.7  Ib/sec. 

114.2  in.2;  0.793  ft^ 
1660*  R 
26.4  psia 
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CompresBion  ratio 
Compressor  efficiency 
Turblfie  efficiency 

3.  Calculated  Jet  Conditions 

Velocity 


7.0 

83  percent 
87  percent 


m 


1934  X  37.2 
37.7 


=  i(S0  fpi. 


Density 


37.7 

32.2  X  .793  X  1650 


.000695  slugs/ft^. 


2£su:h  Number 


P  =  1^1  +  iii*j  * 


1 


pgl 


-(r-l) 


=  1  . «> 


Static  Temperature 


2 

r.  000895  X  32.2  x  53.3  x  iseo’ 

(1-1.4) 

t 

1.4  -  1 

[  .26,4  X  144 

-  I 

• 

=  .875 
M  =  -935. 


T  =  k, 

=  .85  X  1660  =  1410'K  . 


(k|  from  Ref.  13) 
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static  Pressure 


P  =  k,P^  (k 2  from  Rtf.  IS) 

=  .57  >«  26.4  =  15.0  pii«. 

4.  Calculated  Aeouatic  Pofwer 

=  4.2  *  .  iRef.  >0) 

atream  Power 

t=4pAV* 

^yx  .DOOMS  X  .793(1650)*  xM 
=  2.16  X  lo‘  ••tti  . 

Parameter  K 

t  =  — ^ 

(T^ 

2.16  X  10* 

‘  (1410) *•»  X  12.0 
=  .386. 


Acoustic  Power  Generated 

P*  =  4.2  X  10'*  X  2.16  X  10®(.386)® 
=  1.35  X  10®  Witt* 


PDL  -  10  lot 


10  p, 


nr 


=  10  log  JO 


1.35  X  10'^ 
10' 


=  161,3  db. 


5.  Operating  Conditions 

Military  power  (100  iwrcent  RPM  w/o  A/B);  aatic,  sea  level  operation;  one  engine 

6.  Sound  Pressure  Levels 

SPL  =  FWL  -  10  logjo  A  -  B 
PUL  =  Acoustic  power  level  re.  10’*^  watts 
=  161.3  db 

A  =  Area  of  advancing  sound  pressure  wave  (hemisphere) 

=  2vr^ 

B  =  Constant  deteraiined  by  ambient  conditions 
=  -O.S  db  for  std.  s.l.  etni. 
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At  r  «  50  teet 


At  r  X  100  fMt 


art-  =  161,3  -  10  loRjo  2  7r(S0)*  +  0.5 
=  120  db  . 


SPL  =  161.3  -  10  log, 5  2»r(100)^  +  0.5 
=  114  db  . 


At  r  ■  260  fMt 


SPL  =  161.3  -  10  log, 5  2 IT (250)*  ♦  0.5 
=  106  db  . 


At  r  -  50C  feet 


SPL  =  161.3  -  10  log,o  2n(500)*  +  0.5 
-  100  db  . 


7.  Dual  Aiiflne  Oporfitlon 

Operatloa  of  botb  engines  Tould  ptxiduce  a  maximum  of  twice  the  aeouHtlc  power,  or  t  fM. 
Bowerer,  lieeaKee  of  the  protlmlty  of  the  exiuuet  e^aice,  no  aboustle  rae^  cm  be 
aMumed  to  be  generated  between  the  jets,  and  an  Increase  of  2  db  la  estlmuM.  The  </ull 
RPhf  operation  can  then  he  expected  to  prcckice  orerall  SPL  's.of 

122  db  at  50  feat 
116  db  at  100  feet 
IM  db  at  210  feet 
102  db  at  500  feet 

8.  Directivity 

Typical  directivity  factors  in  db  idiove  and  below  the  Bfnt  average  SPL  are  as  follows: 


Angle  from 

Relative 

Aircraft  Nose 

S»i. 

(Degree;) 

fslK\ 

0 

-15 

30 

-14 

60 

-12 

90 

-  7 

120 

-t-  2 

140 

+  8 

150 

+  7 

160 

+  1 

170 

-  8 
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APPSNDIX  B 


SOLID  PROPELLANT  CALCULATIONS 


Throat 
Exit  Vtloclty 
llBM  Fiov 
Notile  Dltjnetflr 


101,700  pouiMta 
9S1C  Ips 
16.12  slugs/sec 
1.7M  (eet 


Xethod  used  >  WADC  58-643 


1.  10  log  7J  =  -20  db  for  Urge  rocWsie  . 

1  2 
2  nv 

2.  PfL  =  10  log  V  ^  10  IcG  —nj 

10 

12)  14.6  X  (M10)(.3048)^ 

pa  =  -20  +  10  lo(! - — n 

10 

PfL  =  -20  +  10  log  4.3S28fi  x  10*‘ 

PUL  =  -20  +  216.4 


PfL  =  1<)6.4  db  . 


3.  Conqj'iting  Sftrouhal  No.  for  OcUte  Bonde,  we  find  source  disteuce  (fO/Y): 


4. 


5. 


Octave 

(cpd) 


87.R/I5 

75/180 

160/300 

300/600 

600/1200 

1200/2400 

2400/4800 

4800/0600 


Octave 

\cpa) 

37.5/76 

75/150 

160/300 

300/600 

600/1200 

1200/2400 

2400/4800 

4800/9600 

Octave 

(cpa) 


37.5/76 

75/150 

150/300 

300/600 


Mean  Frer/ueoc 
(cpa) 

y  ro 

v” 

a 

^0 

m 

M 1  Foiltido 

53 

.cisi 

9.9 

17.76 

16.89 

108 

.0301 

8.5 

15.25 

17.10 

212 

.0603 

7.2 

12.92 

14.76 

424 

.1205 

5.5 

9.87 

11.76 

849 

.2414 

3.5 

6.28 

8.836 

1696 

.4828 

1.48 

2.66 

4.775 

3390 

.9636 

0.59 

1.06 

3.353 

6980 

1.9703 

0.24 

0.43 

2.846 

20  log  R 

*  c. 

KR 

10  log  G 

SFLo 

i  M 

25.6 

.3063 

6.00 

1 

185.7 

24.7 

.6127 

10.46 

0 

186.4 

MM  d 

1.2254 

18.11 

0 

171.9 

21.4 

2.4507 

oa  fio 

MV*  VM 

0 

172.4 

18.3 

4.9972 

40.42 

0 

170.9 

13.6 

9.8144 

46.86 

0 

167.0 

n.6 

19.5942 

65.70 

0 

162.1 

9.1 

40.0554 

114.00 

0 

157.1 

SPL 

Octave 

SPL 

W 

Jcp 

^ao; 

140.9 

800/1200 

152.6 

i^.7 

1200/2400 

153.4 

148.5 

2400/4800 

150.6 

OA  - 

151.0 

4800/9600 

158.0 
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159.3  db 


APPENDIX  C 


HYPOTHETICAL  VEHICLE 


PtIL  CALCULATIONS 
Olven; 

Weight  flow  3  2500  Ib/seu 

Thriet  ■  2  X 10*  lb  «  8.03  x  10*  newtonii 

1  pound  >  .453  K  gratua;  weight  flow  -  2500  x  .453  «  1134  Kg/aec 

Diameter  -  25  feet  or  7.62  meters 

1  foot  »  .3048  meters 


(1)  -X  using  c,  »  1116  fpu 

tg  2  X  10*  X  32.2  , 

''  =  -T= - Isco - =  25,7^0  fp. 


V  2576C  ,,  , 

Tn-=  23.1 


10  log  7}  =  . 


(2)  Mechanical  Stieam  Power  =  ^  ,bV^  in  watte. 


(Taken  from  Ref.  16) 


=  j(1134)  V* 


V  =  2S,7e0  X  .3048  =  §851.6  m/ttc 


=  y(1134)(78S1.6)*  =  3.51  *  10»°  WBttii . 

ynV’ 

(3)  PWL  =  10  logiyT,  +  10  logjo-^^TIj-  («  Rel-  J*) 

PIL  =  -20  +  10  log  =  -20  +  10  log  3.51  x  lo“ 

10- J3 

PfL  =  -20  +  10  X  23.544  =  -20  +  235.44  =  215.44  c!b  . 

Check  on  PIL  using  e<piatl(mB  from  Pcf.  (15). 

0»  pet  =  78  +  13. 5  logjQ  in  db  re  10'“  w»tts  , 
where 

s  mechanicai.  power  of  Jetstream  in  watts 
=  0.676  tv  =  0.676  (t*g)/w, 
with  V  =  (tg)/w  »  gas  ?sloctty  at  nozzle  exit  in  fps, 
t  =  thrust  in  pounds, 
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g  ■  acceleration  due  tc  gravity  =  32.2  (t/sec^, 
w  a  weight  (low  In  Ib/sec. 

Then 


PIL  =  78  +  13.5  loj  »„  =  78  +  13.5  log  0.676 


PIL  =  78  +  13.5  log  0,676 


(4  "  10*’)(32.2) 
2500 


PWL  =  78  +  13.5  log  3.48  *  10‘°  =  78  +  13.5  (10.542) 


P»L  =  78  +  142  =  210  dh. 


SPECTROW  CALCULATIONS 
Given: 

D  =  25  feet , 


V  =  ^  = 


tg  2  X  10®  (32.2) 


2500 


=  25.760  fpj. 


(1)  Compute  df/v  valuea;  f  ■  geometric  mean  o(  octave  band  v/fj  x  fj. 

(2)  Dotermlnh  power  qiectrum  level  re.  zero  reference  at  each  df/v  value  on  Fig.  45A  of  Ref. 
15. 


(3)  Dt^rmlne  power  spectrum  level  re.  10’*^  wett  by  computing  zero  reference  level  which 
eqnale  OA  pul  -  lO  logj^  v/d  and  algebraically  adding  this  reference  level  to  eixh  power 
spectrum  level  determined  in  previous  step. 

(4)  Convert  these  power  spectrum  levels  at  the  geometric  mean  frequencies  to  OcUsve  Band 
PH  *8  by  eAiing  the  appropriate  lo  iogj,  M  correction  (actors  on  Fig.  45A  of  Ref.  (15)  to 
each  power  spectrum  level. 

Given: 

i)  -  25  feet, 


V  =  25,760  fps. 


Octave  Band 
(cps) 

Geom.  Mean 
Frequency 
(cps) 

Strcuhnl  No. 
Df/v 

Power  Spectrum 
Level  (db) 

(from  Fig.  45 A 
Ref.  16) 

Ociaxt  Band 
OB  PH 
(cps) 

37.5-75 

53 

.0514 

8.2 

214.4 

75-150 

106 

.1029 

4.0 

213.2 

150-300 

212 

.2067 

-1.1 

211.1 

300-600 

424 

.4115 

-6.3 

208.9 

600-1200 

849 

.8240 

-11.7 

206.5 

1200-2400 

1698 

1.648 

-16.8 

204.4 

2400-4800 

3390 

3.290 

-22.2 

202.0 

4800-9600 

6930 

6.726 

-27.7 

198.5 

Power  spectrum  level  at  a  specified  frequency  is  the  PWL  in  db  within  a  band  one  cps  wide  cen¬ 
tered  at  that  frequency. 
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Octave  Bend  PWL  =  Power  Spectrum  Level  +  10  logjQAf  , 
where  6  f  ^  bandwidth  In  cps. 

y 

Zero  reference  *  OA  PfL  “  10  log  "g' 

7ft0 

=  220.3  -  10  log  — ^  =  220.3  *  10(3.013)  ::  190.2  db. 

Then 

OB  PBL  =  lero  reference  +  power  spectrum  level  +  10  logAf  . 

Example:  37. S  to  7S  cpa  band 

Ofljj  ,,„PfL  =  190.2  +  8.2  +  16  =  2U.4  db  . 

SOURCE  DISTANCE  FRC»d  EXIT 


Strouhal 

^0 

Xo 

Octave  Band 

No. 

D 

(cps) 

.0514 

7.5 

187.5 

37-75 

.1029 

58 

145.0 

75-150 

.2057 

3.75 

93.75 

150-300 

.4115 

1.73 

43.25 

300-600 

.6240 

.71 

17.75 

600-1200 

1.S48 

.30 

7.5 

1200-2400 

3.290 

.125 

3.125 

2400-4800 

6.726 

.055 

1.375 

4600-9800 

where 

D  B  25  feet  »  noazle  diameter 
X/D  taken  from  Fig.  22  of  Ref.  (16). 


SPL  for  27.5  to  75  cps 


2  77  f  2  77  53 
C,  ■  1116 


.294  . 


Distance  =  S 

Up  on  Missile 
from  Nozzle 
(ft) 

R 

*  X) 

Ift) 

KR 

10  log  G* 

0 

187.5 

55 

0 

50 

237.5 

69.8 

0 

100 

287.5 

84.5 

0 

150 

337.5 

99.2 

Q 

200 

387.5 

113.9 

0 

250 

437.5 

123.6 

0 

300 

467.5 

143.3 

0 

SPL  -  SPL„  -  20  log  R  +  10  log  , 
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where  the  reference  sound  pressure  level  SPL„  is  given  relative  to  the  overall  power  level  In 
Fig.  24  of  Ref.  (19). 


Then 


=  Pfl,  -  25  =  215.5  -  25  =  190.5  db  . 


s 

20  log  R 

9FL  (db) 

0 

187.5 

45.5 

145 

50 

237.5 

47.6 

143 

100 

287.5 

49.2 

141.3 

150 

337.6 

50,5 

139.8 

200 

387.5 

51.8 

138.7 

250 

437.5 

52.8 

137.7 

30Q 

487.5 

53.8 

138.7 

Add  9  db  to  above  SPL's  for  missile  confl^urktlon. 


for  75  to  ISO  cps 


SPL  =  SPL^  -  20  log  R  +  10  log  G*  . 

From  Fig.  34  of  Ref.  (16) 


SI1„  =  PW.  -  24  =  215.5  -  24  =  191.5  db  . 

O 


s  (ft) 

R  =  (Xo  +  X) 

(ft) 

n 

.10  log 

20  log  R 

SPL  (db) 

0 

145 

>10 

0 

49>24 

148.8 

50 

195 

>10 

0 

46.80 

145.7 

100 

246 

>10 

0 

47.6 

143.7 

ISO 

295 

>10 

0 

49.40 

142.1 

200 

345 

>10 

0 

50.8 

140.7 

250 

395 

>10 

0 

51.9 

130.6 

300 

445 

>10 

0 

53. 

138.5 

To  conserve  space,  the  remidji^— "  octfevt  1/^id  SPI.  calculations  have  been  deleted.  The  above 
are  considered  typical.  AdJ  3  (Si  for  missile  configuration. 


DSGREA8E  IN  PW.  DUE  TO  laOTION 

From  Journal  of  ASA-PowoU,  Vol.  30,  No.  11,  November  1968.  Use 


t  (sec) 

V,  (fps) 

Distance 

A  PfL  (db) 

.23 

1 

0 

•v 

128.8 

-2.2 

.46 

2 

515.2 

515.2 

-6.5 

.695 

3 

7iZ.8 

1169.2 

-10 

.93 

4 

1080.4 

2060.8 

-23 

From  WADC  68-343,  Fig.  32 
Correction  for  T„  P,,  in  ab, 
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Distance  from 

Distance  from 

Leading  Edge 

Aft  Nozsle 

*  m«i: 

(ft) 

(ft) 

(cps) 

OB 

1 

300 

34,700 

51 

250 

1,190 

6-2400 

101 

200 

665 

5-1200 

151 

ISO 

470 

3-600 

>01 

100 

36S 

3-990 

251 

50 

304 

150-600 

SOI 

0 

250 

150-300 

To  congerve  spice,  the  remiininc  boundiry  layer  calculations  hare  been  deleted.  The  abore 
sample  is  considered  typical. 


DBCUSSIOK 


Mr.  Ha^ey  (Lockheed  Aircraft  Corpora¬ 
tion):  I  take  It  that  yoor  equations  would  p'-e- 
dict  an  increase  in  vibration  somevrhtre 
around  the  maa  of  dynamic  pressure.  I  would 
like  to  juat  note  that  in  our  experience  In 
launching  the  Agent  satellite  on  the  end  of 
the  Thor,  we  expected  to  get  an  Increase  in 
vibration  at  max  Q,  but  wc  didn't  ^t  it  there. 
W3  got  it  in  a  very  strange  region  which  we 
can't  explain,  and  that  is  it  started  to  pick 
up  at  a  Mach  number  of  about  seven  tenths, 
increased  to  a  Mach  number  of  about  nine 
tenths,  and  then  dropped  off  to  aero  just  be> 
fore  Mach  one.  We  thought  it  cbould  happen 
at  Mach  one,  but  it  didn't,  and  the  best  Ihiag 
v.e  can  figure  out  is  that  our  calculations  of 
the  Mach  number  vs  time  w^re  Incorrect 
So  I  wonder  if  you  have  anything  to  say  about 
thla,  If  you  have  any  Informtilon  that  might 
explain  why  this  happened. 

Mr.  MustUn:  First  of  all,  boundary-layer 
noise  is  wEat  you  are  talking  about?  We 
didn't  make  vibration  predictions  on  a 
boundary- layer  noise. 

Mr.  Harvey;  Well,  let  me  say  what  we 
did  an9  can  shoot  me  down.  We  bad  a 
measurement  made  with  a  vibration  pick  up 
inside  the  missile,  end  we  assumed  that  if 
you  had  an  increase  in  boundary- layer  noise 
you  should  see  some  rise  in  the  vlbrsdion 
measurement  in  the  missile.  Maybe  this  is 
what  went  wrong,  but  certainly  the  results 
are  unusual.  Maybe  you  would  like  to  ex¬ 
plain  that  if  you  can. 

Mr.  Mustain;  Just  guessing,  without 
knowing,  t  wopld  say  that,  with  forward  mo¬ 
tion  in  the  missile  as  you  i^qimoach  Mach  1, 
your  excitation  should  go  down  externally 
acoustically,  and  if  that  is  causing  your 


vibrations  they  should  go  down  also.  S  you 
have  some  other  internal  vibrations  like 
machinery  in  there,  equipment  that  mechani¬ 
cally  Induces  vibrations  from  the  power 
plant.  It  naturally  wouldn't  go  down.  I  have 
no  actual  measurements  to  cover  your  prob¬ 
lem,  but  I  certainly  can  guess  as  well  as  the 
next  person,  or  I  can  try.  Maybe  I  am  wrong. 
Dut  this  is  i^at  I  do. 

Mr.  XuopcMcakl  (I/Kkheed,  Sunnyvale); 

I  would  also  like  to  add  a  comment.  Data 
from  two  other  types  of  Lockheed  test  vshl- 
cles  have  also  shown  interesting  differences. 
Hie  type-one  vehlele  behaved  normally  in 
respect  to  Increase  in  vibration  level  with 
increasing  Q,  the  aerodynamic  pressure. 
Accordhigly,  high-vibrii^on  levels  were  ex¬ 
pected  at  maximum  q  also  in  the  flights  of 
the  type-two  test  vehicle,  but  no  appreciable 
increase  in  vibration  amplitudes  showed  up. 
Some  Increase  In  the  structural  response  to 
the  aerodynamics  at  Mach  one  has  been  ex¬ 
perienced  alnb  in  the  type-two  vehicle  but 
nothing  appreciable  In  proportion  to  the  in¬ 
crease  in  aerodynamic  preasure.  Ralph 
Blake  explained  in  the  previous  presentation 
the  basics  of  struciaral  response  concerning 
this  peculiar  characteristic.  It  would  be  of 
interest,  from  the  standpoint  of  missile  de¬ 
sign  in  general,  to  actually  determine  the 
internal  relationships  of  tte  mcssco  and 
damping  ratios  Involved  in  two  different  test 
vehicle  types,  which  have  a  slpificant  dif¬ 
ference  in  the  flight  charsusieristlcs  In  re- 
B]>ect  to  the  smooth  riding  through  the  region 
o(  maximum  aerodynamic  presaure. 

Mr.  Hall  fl)ougiafl  ^crMt  Corp.);  Roy, 

I  have  }UBt  a  quiclde.  I  would  say  Bud  you 
might  as  well  forget  all  this  talk  about 
aei'odynamic-lnduced  vibration  because  I 
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don  t  ioink  It  is  at  all  important  to  the  vibra¬ 
tion  problem.  On  payloads,  I  agree,  we  art 
designing  to  specifications  that  might  be  too 
low.  In  this  case  the  aerodynamic  noise  may 
be  the  most  coneiderable  vibration  oncoun- 
tereu.  But  generaUy,  I  scbnalt  to  the  audience 
that  aerodynamic  noise  is  negligible  in  most 
design  eases. 

Mr.  Muatain;  I  would  like  to  see  more 
measurements  on  acoustics  during  launch  on 


these  missUes  and  during  flight.  I  l»ve  tried 
to  gbt  vibration  and  acoustic  measurements, 
and  so  far  I  have  gotten  only  one  set  of  meas- 
urcments  from  the  contractore.  Most  of 
them  are  not  interested  in  accuatlc  meu- 
urements.  i  got  that  from  people  who  were 
at  the  top  of  aeveral  projaeta.  They  told  at 
they  weren't  Intereited  In  aeouatic  meaaure- 
menta  and  weren't  tahjiig  any. 


*  •  • 


EXTIRNAL  NOISE  FIELDS  OF  A  lOOST-OUDE 
HYKRSONIC  VEHICLE 


Werner  Fricke  and  William  Squire 
Bell  Aircraft  Corporation 
Space  Flight  and  Miasilee  Diviaion 


The  paper  preaentc  a  time  hiatory  of  the  external  noiae  fielda  of  a 
high-epeed,  high-altitude  manned  glide  vehicle  during  a  global  flight. 
After  a  diacuaaion  of  the  flight  parametera  to  which  the  noiae  fielda  ars 
related,  an  analyaia  of  the  two  noiae  phaeea,  originated  from'  the  rocket 
booater  and  from  the  boundary  layer,  ia  preaented.  At  aubaonic  apeed, 
the  effect  of  motion  of  the  noire  source  and  the  decreaeing  character- 
iatic  impedance  of  air  change  the  noiae  field  around  the  cockpit.  Ita 
time  hiatory  waa  calculated  as  function  of  the  Mach  No. 

At  super aonic  apeed,  boundary  layer  noise  ia  the  only  noise  source. 
After  a  discussion  of  the  most  important  parameters  of  the  flow  behind 
tJie  shock  wave  around  a  blunt  body  moving  supersonically,  a  method 
for  a  prediction  of  the  overall  sound  pressure  io  derived,  tesed  on  the 
conception  of  Newtonian  flow.  The  following  quantities  were  required; 
location  of  the  transition  point  between  laminar  and  turbulent  boundary 
layer  and  distribution  of  the  local  dynamic  preaeure  along  the  cockpit. 

The  spectrum  waa  estimated  from  a  published  spectrum  of  turbulent 
flow  measurad  in  a  boundary  layer,  plotted  as  a  dimensionleas  spectral 
density-frequeucy  diagram.  Application  of  this  graph  to  the  cockpit 
configuration  required  a  calculation  of  the  boundary  layer  diapUeesest 
thickness  to  be  calculated  from  quantities  measured  on  a  flat  plate. 
The  sequence  of  the  analysis  will  be  discussed  and  demonstrated. 


INTRCDUCTICKi 

Tula  piipar  preaenta  a  description  of  the 
noise  environments  of  a  hlfh'Speed,  high- 
altitude  manned  glide  vehicle  during  a  global 
night.  The  analysis  was  performed  about 
one  year  ago  at  Bell  Aircraft  Corporation. 
Knowledge  c!  the  complete  time  history  of 
the  external  and  internal  noise  fields  is  re¬ 
quired  to  establish  design  requlremente  for 
the  structure  and  adequate  noiee  control  for 
the  cockpit  and  the  equipment  compartment. 
MoreoTer,  it  allows  pireliminary  specifica¬ 
tions  of  test  equipment  prior  to  production 
release  of  the  first  test  vehicle. 


The  noise  envlronmmts  are  cloaeiy  re¬ 
lated  to  certain  flight  parametera  (Fig.  1), 
such  as  altitude  h,  free  stream  Mach  No.  1^, 
ambient  density  and  dynamic  pressure  q. 
All  units  are  ejqnressed  u  raliM  with  the 
maximum  value  as  reference.  The  hlg^st 
Mach  No.  occurs  during  the  intermediate 
phase  which  is  of  interest  here.  The  dy¬ 
namic  pressure  peaks  diirtiif  the  first  part 
of  supersonic  flight.  The  deailty  during 
boost  decreases  rigiidly  from  its  sea  level 
viilue  to  1  percent  within  2  minutes.  During 
Unding,  about  5  minutes  are  required  for  the 
same  range. 
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ascckt  31.0C  phase  laknho  phase 


iwll 


Fig.  1  -  Altitude  (h)>  free-itream  Msch  No.  (g^), am¬ 
bient  density  (p^),  and  free-ttreun  dynamic  preiiure 
durinif  boost  and  landing 


During  a  cocii^ate  global  fU^  erf  abcost- 
gllde  Te&lcle,  two  external  no!a&  phaaoB  have 
to  be  conaidered  and  are  anown  In  the  nolse- 
Uae  hlatbry  (Vlg.  2).  The  flrat  and  most 
aavere  nolae  garied  ocenra  during  ascent 
Tha  analysis  shows  a  sequence  of  two  noise 
maxima,  tha  tost  originating  from  the  booster 
rocket,  the  seeoed  from  the  fluctuating  pres¬ 
sure  in  the  turbulent  boumhury  layer. 

The  second  booster  stage  operates  at  an 
altitude,  where  neither  sound  transmission 
from  the  rocket  engine  to  tte  vehicle  through 
the  amUent  sir  nor  noise  from  the  turbulent 
honndsry  Isfir  will  be  observed.  During  this 
psrlod  iMd  during  the  following  glide,  the 
noise  Isside  the  vehicle  will  be  entirely  pro¬ 
duced  by  the  airborne  equipment,  and  can  be 
limited  by  suitable  nolae  control. 

The  other  external  noise  phase  will  occur 
during  the  last  part  of  the  mission,  as  the 
dynaailc  pressure  rises  du;ing  descent  into 
the  denser  atmoqihere.  The  methods  used 


for  the  prediction  of  these  two  noise  phases 
are  demonstrated  in  the  next  seictlac. 


CAU'ULATiON  OF  OVXRALL  ENONK 
NODE  DURIMQ  BOOST 


The  overall  external  nolae  aloog  tee  air¬ 
plane,  caused  by  the  first  stegs  btwster,  was 
calculated  from  octave  hand  levels,  reeordsd 
with  a  e^tral  asalyaer  daring  ground  tssts 
of  a  ainitei  rockst  angtes  of  the  type  to  bs 
used  in  tha  booster  roekM  atulMr  eonsidera- 
tlno  (in  tea  launching  potetlae). 

Dvrbig  asesnt,  tee  noise  tteld  will  be 
chsRfsd  becptse  of  the  noise  soaree  and 
decreasing  chsraetcristic  Impsdiaee  cf  the 
ambient  air.  V  it  is  ueomed  that  the  acous¬ 
tic  power  w  of  a  rocket  engiDe  is  proportional 
to  the  sipisre  of  the  jet  velocity  relative  to 
the  amMeirt  air  (1),  the  proportiODklltles 
shown  below  may  also  be  .  assumed: 


OVCPALL  tPL  rt  O.OOOt  /tkir 


Fig.  2  -  External  overall  noise  levels  during  global 
flight.  (Shaded  area  indicates  subsonic  flight.) 
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whtN 

V,  >  Jet  Telocity, 

V,  ■  Tehicle  Telocity, 

■  free  itream  Mach  No., 
c  n  ipeed  d  eound, 

P  -  ambient  density  of  air, 
p  B  rms  sotmd  pressure, 
ff  >  acoustic  power. 

Theoretical  studies  about  the  effect  of  mo¬ 
tion  on  ttw  noise  source  resultet^  in  the  pre¬ 
diction  of  a  forward  radiation  increasing  with 
the  Ifaeh  No.  at  aabaonic  speed  (2  and  3). 
Different  multlftileatore  for  the  soxind  pres¬ 
sure  lerel  were  derired,  depending  on  the 
type  of  elementary  noise  sources  (quadru- 
p!dcs  or  dipolea)  and  on  the  orientatica  of 
tiieir  ans  ralatlTe  to  the  direction  of  motion. 
^  onr  analysis,  the  rms  pressure  was  as¬ 
sumed  to  be  proportional  to  tbs  factor 
i/(  1  -1^)  for  points  upetream  of  the  nosale 
•vii.  Thu  III  nhsained  by  putting  e  «  180*  in 
Iq.  (M)  at  Itef.  (3). 


has  to  be  pointed  out  that  tide  proportlon- 
riity  holds  only  for  dipoles  and  for  subsonic 
speed  below  a  Mach  No.  of  0.9.  It  results  in 
an  increase  of  the  noise  field  in  front  of  the 
moTing  noise  source.  Application  of  this 
correction  to  noise  field  predictions  of  this 
or  similar  types  of  manned  vehicles  might 
require  a  reTision  as  soon  as  airborne  noise 
field  moaeurements  of  rocket  powered  vehi¬ 
cles  have  been  evaluated. 

Finally,  for  a  cluster  of  n  booster  rocket 
engines,  the  total  rms  sound  pressure 
will  be 

Pj  ~  \/nIp  ,  (d) 


and  combination  of  Eqs.  (1  -  4)  results  in 


The  subscript  o  refers  to  the  quantities  of  a 
single  rocket  at  sea  level.  Application  of 
this  equation  to  the  boost  phase  of  the  rocket 
powered  vehicle  with  a  jet  velocity  vj  «  8000 
fps  shovs  that  the  effect  of  motion  predomi¬ 
nates  ore r  the  influence  of  the  other  fsauti- 
tles.  Hence,  an  increase  of  the  oreraill  SPL 
to  142  db  at  Mach  0.9  can  be  expected  rjid  is 
IndlOBted  as  the  first  peak  in  the  noise  time 
history.  The  contribution  of  tbe  turbulent 
boundary  layer  io  the  noioe  level  is  included 
in  this  curve. 


NOOK  80URCE8  IN  8UPKIMONIC 
ruoRT 

The  principal  sources  of  noike  in  the 
supersonic  phase  of  the  flight  are  the  irreg¬ 
ular  fluctuations  in  ‘^he  turbulent  boundary 
layer.  In  order  to  understand  ibis  mecha¬ 
nism  we  must  discuss  the  nature  of  the  flow 
field  around  the  body  when  it  is  moving 
supersonically. 

Figure  3  is  a  shadowgram  of  tbe  super¬ 
sonic  flow  about  s  blunt  body  showing  tbs 
detached  shock  wave  a>vl  the  boundary  layer. 
The  transition  area  between  laminar  and 
turbulent  flow  in  tbe  boundary  layer  is  iodl- 
cated.  Flptre  4  is  a  schematic  rapreienta- 
tion  of  the  flow.  Outside  tbe  shock  wave  the 
flow  ie  imdieturbed.  The  air  pasiing  through 
the  almost  normal  portion  of  tbo  shock  le 
heated,  compressed,  nd  slowed  down.  In 
the  regioh  of  wbeonlc  flow,  which  is  bounded 
by  tbe  sonic  lines,  the  flow  field  is  very 
similar  to  the  cocventiimsi  incimtpressible 
flow  around  a  similar  body.  Further  back 
where  the  Incoming  air  crosses  the  shock 
wave  at  a  small  angle,  the  change  in  tem¬ 
perature,  density,  and  velocity  across  the 
shock  is  small  and  the  flow  resembles  that 
over  a  flat  plate.  After  crossing  tbe  shock 
wave,  the  (low  along  each  streamline  is 
isentropic,  but  tbe  entropy  is  different  on 
each  streamline,  being  deisrmined  by  the 
inclin^lon  of  the  shock  wave. 

Except  in  the  boundary  layer,  the  flow 
can  be  computed  on  the  basis  of  inviscid  the¬ 
ory  and  this  calculation  will  give  the  shape 
of  the  detached  shock  and  the  pr^i-sure  dis¬ 
tribution  on  the  body.  The  invlBcid  calcula¬ 
tion  uses  the  bound^  condition  on  the  body 
that  there  is  no  nc^mtl  velocity,  but  cannot 
satisfy  the  physical  cemdition  that  there  is 
no  tangential  velocity.  The  boundary  layer 
is  a  thin  region  close  to  the  wall  where  the 
tangential  velocity  falls  rapidly  frora  the 
inviscid  value  to  zero.  Two  typical  flow 
profiles  in  the  boundary  layer  for  laminar 
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Fig.  3  -  Shadowgraph  of  a  supersonic  flow  Fig.  4  -  A  schematic  representation  of  the 
field,  around  a  blunt  body.  (Courtesy  U.  S.  flow  field  around  a  blunt  body 

Naval  Ordnance  Laboratory.) 


and  turbulent  flow  are  indicated  in  Fig.  4. 
This  region  la  important  In  determining  the 
friction  and  heat  transfer,  and  has  been 
studied  extensively  from  that  viewpoint.  The 
turbulent  boundary  layer  la  aloo  important 
08  a  source  cf  aerodynamic  noise  but  rela> 
tively  little  work  has  been  done  on  thla  aa- 
pect.  The  noise  is  dependent  on  the  random 
fluctuationii  in  the  turbulsut  flow  and  these 
are  more  dtffieult  to  atudy  than  the  maaa 
properties  which  detsrmlne  heat  tranefer 
and  akin  friction. 

Figure  Q  shown  a  hot  wire  record  of  the 
fhictuationa  lu  an  incompreaslble  boundary 
layer  af  various  positions.  The  change  from 
the  periodic  oscillations  (attributed  to  am¬ 
plification  of  tunnel  noise)  in  the  laminar 
portion  to  the  typical  ran^m  turbulent  pat¬ 
tern  Is  illustrate. 


\ 


-  9  -  ■  •  V 


Fig.  5  -  Hot-wire  records  of  turbulent  fluc¬ 
tuations  in  incompressible  flow.  (Courtesy  of 
Narional  Bureau  of  Standards.) 


Unfortunately,  at  the  present  time  the 
theory  of  turbulent  shear  flow  is  not  devel¬ 
oped  sufficiently  to  predict  accurately  when 
the  boundary  layer  will  be  turbulent.  At  the 
relatively  low  altitudes  where  we  have  in¬ 
tense  noise,  the  boundary  layer  will  b«  tur¬ 
bulent  over  most  of  the  vehicle,  but  as  the 
altitude  increases  the  transition  point  moves 
back.  When  tbs  dyniutic  prSSSiuS  haa  itC 
msximuni,  the  trniiiition  point  will  be  about 
3  feet  f .rom  the  (itagnation  point  and  the  cock¬ 
pit  will  be  completely  surroiukled  by  a  tur¬ 
bulent  boundary  layer. 

The  random  bovadary  la^r  fluctuations 
have  been  described  In  the  iiteiiitnre  as 
"pseudosound"  (4  and  5).  While  ii^y  regis¬ 
ter  on  a  receiver  as  sound,  their  prc^agation 
and  attenuation  differs  from  sound  waves. 
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These  fluctuatioae  excite  a  forced  oscillation 
of  the  wall  which  generates  sound  in  the  in¬ 
terior.  Analyses  of  this  mschsnism  have 
been  published  by  Corcos  k  Liepmsnn  (0), 
and  by  Ribner  (5).  However,  because  of  lack 
of  knowledge  of  the  structure  of  the  turbu¬ 
lence,  it  is  net  possible  to  compute  the  in¬ 
terior  sound  level  in  terms  of  tbe  external 
flow  and  panel  parameters  if  double  wall 
panels  are  used. 


CALCULATION  OF  BOUNDARY 
LAYER  NOBE 

For  practical  calculatlmts  we  have  used 
empirical  results,  based  on  sub8<mic  flow 
experiments  that  the  ratio  K  of  the  fluctuating 
surface  pressure  p ,  produced  by  a  turbulent 


boundary  layer,  to  thn  ImsJ  dynamic  pres¬ 
sure  is  Independent  of  Mach  No.,  Reynolds 
No.,  and  boundary  layer  thickness.  Measure- 
menie  indicate  values  bebreen  4.5  x  lO'^  to 
6  X  10'^  (7,  8).  The  higher  value  has  been 
reported  by  NASA  In  recent  experimente, 
conducted  In  a  duct,  where  no  appreciable 
difference  between  local  and  free  stream  dy¬ 
namic  pressure  exists.  This  value  was  ap¬ 
plied  to  our  analysis.  An  i^)proach  to  calcu¬ 
late  and  locate  the  maximum  of  the  local 
dynamic  pressure  is  given  in  the  next 
paragraphs. 

Certain  general  statements  can  be  made 
concerning  the  local  dynamic  pressure,  a{> 
behind  the  shock  and  on  the  surface  of  a 
blunt  body.  The  local  dynamic  pressure, 

1  ^  u  * 

=  2  "inh  • 

is  aero  at  the  stagnation  point  where  the 
local  velocity,  V^,  is  zero,  but  increases  as 
the  flow  expands  along  the  body  surface 
reachlTig  a  maximum  value  at  some  point  on 
the  curved  surface.  Continued  expansion 
beyond  this  point  results  in  a  progressively 
decreasing  local  dynamic  pressure. 

In  order  to  analyze  the  flow  over  a  blunt 
body.  It  is  possible  to  tise  the  theory  of 
Newtonian  flow.  This  theory  relates  the 
local  static  pressure,  p^,  on  the  body  sur¬ 
face,  to  the  stagnation  preisure  tft  of  the 
shock  (Eq.  1  in  Appendix)  as  &  function  of  the 
local  body  contour  angle  6.,  shown  In  Fig.  8. 
Using  the  Newtonian  now  tneory  In  conjunc¬ 
tion  with  the  Isentroplc  flow  equations  for 
the  expanding  flow  (Eq.  5)  permits  a  calcula¬ 
tion  of  the  ratio  of  the  local  dynamic  pres¬ 
sure  at  some  point  on  the  blunt  nose  surface 
to  the  pressure  at  the  stagnation  point. 


•*£  *  r, -LOCAL  SUTIC  PRESSUBC 

—  ■  >SIN  OJ  I 

P,  '  p, .  STAORATION  PRESSURE 

•{-LOCAL  CONTOUR  ANGLE 


Fig.  6  -  Mortified  Nswtonian 
Equatioc. 

This  expression  together  with  the  normal 
shock  relationship  (Eq.  0),  relating  the  stag¬ 
nation  pressure  sdt  of  the  shock  to  the  free 
stream  ambient  pressure,  combines  to  give 
the  ratio  of  the  local  dynamic  pressure  ‘jo 
Ihe  free-stream  ambient  pressure  (Eq.  8). 
Since  the  free-stream  dynamic  pressure,  q^, 
can  also  be  expressed  in  terms  of  ibe  ambi¬ 
ent  pressure  and  free-stream  Mach  No.,  the 
ratio  of  the  local  dynamic  pressure  to  the 
free-stream  dynamic  pressure  (Eq.  9),  may 
be  derived  for  any  given  flight  Mach  No.  and 
ambient  pressure.  It  should  be  pointed  out 
that  this  application  of  the  Newtonian  theory 
is  restricted  to  the  forward  portion  of  the 
body,  that  Is,  in  the  region  of  large  local 
contour  angles.  Consequently,  for  aft  po.r- 
tlons  of  the  body  where  this  angle  Is  less 
than  10°,  the  local  static  pressure  must  b(' 
estimated  from  other  data- 

!t  hss  already  been  stated  that  the  maxi¬ 
mum  free-stream  dynamic  pressure  corre¬ 
sponds  to  a  flight  Mach  No.  of  2.00.  Figure  7A, 


e.-t 


Fig.  7  -  Ratio  of  local  dynamic  pressure  to  free-stream 
dynamic  pressure  as  a  function  of  contour  angle  for  a 
bluntnosebodyandfree-stream  MachNumber.  (q^  =  local 
dynamic  preeaure,  q,.  =  free-stream  dynamic  pressure, 
and  6^  =  local  contour  angle.) 
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a  plot  of  (q,f/q„)  versus  at  this  given 
Mach  No.,  indicates  a  maximum  value  of 
at  =  35°.  An  investigation  of  tlie 
quantity  discloses  that  it  de¬ 

creases  with  increasing  Mach  No.  as  shown 
in  Fig.  7B.  In  view  of  this,  it  appears,  that 
for  our  configuration,  the  tuaximum  local 
dynamic  pressure  occurs  on  the  forward 
part  of  the  cockpit  at  a  flight  Mach  No.  of 
2.00.  The  estimates  presented  In  this  paper 
are  based  on  this  maximum  value  of  the  local 
dynamic  pressure. 

The  spectral  distribution  was  estimated 
by  using  a  typical  power  spectrum  measured 
in  a  subsonic  turbulent  boundary  layer  (7). 

The  dimensionless  spectral  derjlty  is  plotted 
versus  the  dimensionless  frequency  (Fig.  8). 
ARjlicatlon  of  this  graph  requires  the  bound¬ 
ary  layer  dijplacement  thickness  Bx.  This 
quantity  is  a  function  of  Mach  nnd  Reynold's 
No.  The  incompressible  boundary  layer 
thickness  is  given  by 

.  1 

=  0,38  X  rJ  , 

where  x  =  distance  from  stagiiatlon  point, 
and  must  be  corrected  for  compressibility 
(9)  by  the  top  curve  in  Fig.  9.  The  lower 
curve  shows  the  ratio  of  displacement  thick¬ 
ness  to  boundary  layer  thickness  versus 
Mach  No.  For  our  cockpit  configuration,  the 
displacement  thickness  is  0.13  inch  where 
maximum  boundary  layer  noise  is  encountered. 

From  this  quantity,  the  high-frequency 
part  of  tfeo  besmdary  layer  noise  spectrum 


Fig.  8  -  Power  spectrum  of  fluctuating 
wall  pressure  in  a  turbulent  boundary 
layer  at  u^,  =761  fps;  =  507  Ib/ft*; 
0  =  .0073  ft.  (Courtesy  of  NASA.) 


Fig.  9  -  Effect  of  free -stream 
Mach  Number  on  thickness 
associated  with  boundary 
layer.  (S  =  thickness  of  com¬ 
pressible  boundary  layer; 
Sj  =  thickness  cf  incompres¬ 
sible  boundary  layer  at 
same  Reynolds  Number;  4*  = 
displacement  thickness. 


was  calculated  (Fig.  10).  Since  it  does  not 
include  low  frequencies,  the  low  octave  h^nde 
were  estimated  from  unpublished  meanure- 
ments  performed  by  WAIXJ.  The  complete 
spectrum  is  very  flat,  extends  far  into  the 
ultrasorJc  ringe  and  peaks  between  3000  and 
6000  cpa.  It  is  comparsu  with  the  booster 
engine  noise  spectrum  at  a  dtatance  cf  190 
feet  iq)8tream,  the  approximate  location  of 
the  cockpit. 


EXTERNAL  OVERALL  NOBE  LEVELS 

The  external  overall  noise  levels  duririg 
ascent  and  descent  are  demonstrated  In  Fig. 
11.  During  the  first  seconds,  the  booster 
engine  noise  level  will  decrease  by  several 
db's,  the  difference  between  the  values  ob¬ 
tained  under  static  firing  and  free-ileld  con¬ 
dition.  With  increasing  vehicle  speed,  the 
rocket  engine  noise  increases  because  the 
effect  of  motion  of  the  noise  source  predomi¬ 
nates.  It  results  In  a  first  peak  that  drops 
sharply  at  Mach  1  to  the  boundary  layer 
noise.  The  exact  level  between  M  ^  0.9  and 
M  «  1  Is  uncertain.  A  second  flat  peak  coin¬ 
cides  with  the  maximum  of  the  local  dynamic 
pressure  at  »  2.0.  The  overall  levels  will 
never  exceed  145  db,  and  the  duration  of  in¬ 
tense  noise  (above  125  db)  is  limited  to  2 
minutes. 

During  descent,  a  continuously  increasing 
boundary  layer  noise  will  be  observed.  The 
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Fig.  10  -  Sp(  ctra  of  booster  eugiae  and 
boundary  layer  noise 
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Fig.  11  -  Noise  levels  during 
ascent  and  descent 


total  nolae  l«vel  is  much  lower,  below  135 
db,  but  the  duration  of  intense  noise  is  ap¬ 
proximately  iC  minutes. 


The  noise  levels  Inside  the  cockpit  were 
estimated  in  the  conventional  mourner  from 
the  measured  transmission  loss  of  the  panel, 
the  reverberant  qiuantitles  of  the  Inner  walls, 
ax>d  the  characteristic  Impedance  of  tiw 
cockpit  atmosphere.  The  iaet  quantity  de¬ 
creases  during  ascent  from  stsa  level  pres¬ 
sure  to  5  pel.  This  pressure  will  be  kept 
constant  during  the  global  flight. 

On  the  basis  of  our  analysis  of  the  In¬ 
ternal  Aoiss  levels,  no  temporary  bearing 
loss  is  anticipated  for  thia  type  of  bdoet- 
gUde  vehicle.  Also,  satlffictory  ccimmu- 
ttlcatior.  can  be  maintained  if  a  prenaare 
auit  and  a  high  attenuation  helmet  are 
provided.  However,  electronic  eqalpoent 
may  be  effected  if  it  is  sound-sensitive. 

In  the  case  of  a  double  wall  structure, 
fatigue  damage  of  the  outer  wall  is  not 
anticipated  because  of  the  short  duration 
of  the  peak  no.ise.  Acoustical  fatigue  tests 
performed  on  this  type  of  heat  sustaining 
panels  at  150  db  did  not  result  in  any 
failures  and  we  will  not  exceed  145  db. 
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APPENDIIC 

DERIVATION  OF  THE  RATIO  OF  THI!  SURFACE  LOCAL  DYNAMIC 
PRESSURE  TO  FREE  STREAM  DYNAMIC  PRE.JUHE 


p. 


(2) 


where  y  >  1.4  is  the  ideal  gas  vslue  of  the 
ratio  of  specific  heats.  By  definition,  the 
local  dynamic  pressure  is 


2^1  •  (2) 


Combining  Eqs.  (1)  and  (2)  results  In 


M  ■  Mach  Ho. 
p  a  static  pressure 


P. 


y-i 


r 

r-l 


q  a:  dynamic  pressure 
Subscripts: 

«  »  free  stream  values 
{  »  local  values 
s  -  stagnation  value 


y-i 


1  + 


7-1 

2 


l.y 


Substituting  Eqs.  (4)  and  (1)  into  (3)  gives  the 
expression  (q^P, ) 


Considering  the  spplicatlcm  (A  a  modified 
form  of  the  Newtonian  relationship  between 
the  local  pressure  and  the  stagnatloQ  pres¬ 
sure  aft  of  the  shock  results  in  the  following 
e}q)re&sion; 


y  =  .  (1) 


From  iseniropic  flow  relationships 


l-y 


(sin*e^)  -  1 


2 

7-1 


hi  1 

q.j  =  I  (p,  sin\) 


—  =  — ^-r 

P,  7-1 


hi 

(ain\)  -  1 


(5) 
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From  normal  suock  equations 


L  ^  J 


Also  by  de(lnltlo!i 


n  -  ■y  „  U* 

q  -  -r  p  *  • 

M  J  ao  M 


Substituting  Eq.  (6)  into  Eq.  (S) 


—  =  — ^  (sin^^i)  (sin^0^)  ^  -  1 

p„  r  - 1 


(y^  " _ rj-i _ 

2  J  [jrMj  -  (y  -  l)_ 


Eliminating  p„  between  Eqs.  (7)  and  (8)  gives 
the  desired  expression  (q^/q.). 


2  sin *07 

= - i-  ( 

M  *(y-l)  L 


(8111*1?^)  -  1 


JL. 
fiy- 1  r 

(y  ^  »)  K  y  i  1 _ 

2  2yMj-(y-i) 


«  «  ^ 
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APPltCATiON  OF  THE  VIBRATION  ABSORBER 


PRINCIPLE  FOR  THE  PROTECTION  OF 
AIRBORNE  ELECTRONIC  EQUIPMENT 

Harry  R.  Spence  amii  Janies  H.  Winters 
Space  Technology  Laboratories,  Inc. 

Los  Angeles,  California 


A  novel  application  of  the  vibration  absorber  principle  for  the  vibra¬ 
tion  protection  of  airborne  electronic  component  parts  and  subassem¬ 
blies  with  particular  reference  to  circuit  boards  is  presented.  The 
mathematics  for  the  solution  of  this  problem  covers  any  base  excited, 
damped  two-mass  system.  The  application  of  this  solution  is  extended, 
through  the  use  of  an  equivalent  mass  concept,  to  include  multiresonant 
systems  v/here  the  fundamental  resonance  is  of  primary  concern. 

The  principle  is  illustrated  through  the  application  of  a  vibration 
absorber  on  a  circuit  board,  and  readily  applied  design  information  has 
been  generated  for  this  type  of  application.  A  dramatic  decrease  in 
vibration  transmission  is  obtained  for  this  case  with  vibration  absorbers 
comparable  in  size  andwe-ght  to  subminiature  component  parts .  Typical 
numbers  for  this  would  be  a  400  percent  reduction  in  trensmiasibility 
for  3  percent  increase  in  v'eight. 

The  vibration  absorber  io  expected  to  have  its  mo  vt  fruitful  application 
as  a  "fix"  on  existing  designs;  however,  planned  .:se  is  also  anticipated 
for  some  applications. 


INTRODUCTION 

In  contrast  to  the  time -honored  approach 
to  vibration  protection  of  electronic  equip¬ 
ment  throug;h  controlling  the  transmission 
path,  the  vibration  absorber  concept  consists 
of  adding  an  appendage  to  the  end  of  the  path. 
Figure  la  and  b  illustrate  the  contrast. 

The  vibration  absorber  does  not  provide 
the  same  degree  of  vibration  control  which 
may  be  obtained  at  the  transmission  path; 
however,  sufficient  control  may  be  derived 
to  make  It  practical  for  many  applications. 
Specifically,  its  application  is  preferred  for 
areas  where  altering  the  transmission  path 
is  undesirable  or  impractical  and,  secondly, 
for  cases  where  vibration  control  has  to  be 


supplied  to  xtfltlng  hardware.  An  example 
for  both  cases  is  a  circuit  board.  The  vibra¬ 
tion  transmission  through  the  circuit  board 
from  Its  support  to  a  certain  component  part 
(say  at  the  antinode  of  the  board)  may  be 
altered  by  changing  fhe  board  material,  the 
board  thickness,  or  the  supports.  Generally, 
all  three  changes  have  the  effect  of  shifting 
the  frequency  at  which  the  maximum  Q  oc- 
curo  without  materially  affecting  the  Q.  The 
vibration  absorber,  on  the  other  hsnd,  re¬ 
duces  the  maximum  Q  without  altering  sig¬ 
nificantly  the  frequency  at  which  it  occurs. 
Keeping  the  resonance  frequency  the  same 
is  often  of  no  particular  consequence;  how¬ 
ever,  there  are  occasions  when  this  is  desir¬ 
able.  If  for  Instance,  the  fundamental  reso¬ 
nance  frequency  of  the  circuit  board  is 
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(a) 


(b) 


Fi^.l  -  Vibration  control  throU(^h  adjustment  of 
(a)  truismission  path  and  (b)  vibration  absorber 


optimqu  from  the  etam^lnt  of  component 
pert  fragUlties,  it  may  be  naceaaary  to  re¬ 
duce  Q  while  holding  the  resonance  fretpiency 
the  Eaz^tf.  The  reduction  of  Q  through  the 
applicKtJon  of  a  vibratioa  absorber  on  a  cir¬ 
cuit  board  is  illustrated  in  the  body  of  this 
presentation. 


NOTATION 

ra,  *  main  mass, 

m,  ■=  absorber  masa, 

k,  s  main  mass  stiffness  coefficient, 

FL-* 

k,  >  absorber  mus  stiffness  coefficient, 
FL*‘ 


DAMPED  VIBRATION  ABSORBER  AND 
MAIN  MASS  WITH  BASE  EXCITATIQN 

The  dynsmic  system  which  is  trested  in 
this  presentation  la  shown  schematically  in 
Fig.  2.  The  equations  of  motion  for  this  sys¬ 
tem  may  be  written 

^  “S)  ^  '‘/’‘ii"**)  =  (2) 

For  a  sinusoidal  base  excitation 
*0  " 

Sabatitutlog  Eq.  (3)  into  Eq.  (1)  and  utlHxlng 
tile  following  identities, 


c,  -  main  mass  damping  coefficient, 
Ff‘T 

c  s  absorber  mass  damping  coefficient, 
fl*‘t 

Xg  =  base  displacement,  L 

X.  a  main  mass  displacement.  L 

X,  =  absorber  mass  displacement,  L 

=  base  displacement  amplitude,  L 

A,  s  main  mass  displacement,  L 

A,  s  absorber  mass  dispiacement,  L 

<D  =  forcing  frequency,  T'^ 

0,^  =:  main  mass  undamped  natural  fre¬ 
quency,  T'  ‘ 

=  absorber  mass  undamped  natural 
frequency,  T'  ‘ 


« 


k^  =  ,  k,  =  , 

Eqs.  (4)  and  (5)  are  obtained 

+2x^(5 f  -M“/2/3gX,  +  iu^,) 

=  w^Au(2/3gC-J  cos  cJt  +  sin  <ut),  (4) 

*,.+  2^,w,x,  +  W/X,  -  2/3^0 =  0’  (5) 

Appljlag  the  Laplace  Transform  to  Eqs.  (4) 
and  (5)  and  Istting  initial  dl^lacements  and 
velocities  be  zero,  leads  to  Eqa.  (6)  and  (7). 


Xe[s*+2S(4(iJ^+/i/3,cu,)  -/xco^x,(2^,S+a),) 

=  cd^Ajj  £(2/SgC<J  cos  (lit  +ci)^  sin  cot),  (8) 

Xo[2/3,co,S+co^*]  -  xJS^+2,/3,,co^S  +  co.“]  =  0.  W 
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transmiBslbllity 


/3j  =  pex'cent  critical  damping,  main 
mass 

■  percent  critical  damping,  ab¬ 
sorber 

f  •  natural  frequency,  absorber /nat 
ural  frequency,  main  mass 


Xo 


Fig.  2  -  The  dynamic 
tystem 


For  a  steady-state  solution  s  =  ju,  and  Eqs. 
(6)  and  (7)  become 

■  ^  “e 

■*  -*,((“/  *  2j/3^£J^6))  =  0.  (6) 

Solving  Eqs.  (8)  and  (9)  for  and  taking 
its  peak  value  (A,/A^)  results  In  the  follow¬ 
ing  expression; 


By  letting  g  m/i»^  and  f  =  oyjoo^,  Eq.  (10) 
can  be  brought  into  a  form  similar  to  Den 
Hartog's  (1)  for  a  main  mass  excited  system. 


1  +  (2g/3,)* 

[(f2  -  g2)2  +  (2,S,gf)2 

f 

y 

+  4g2|>,(f2-g2)  +  f^,-fgX(M+l)j^  (11) 

where 


g  >  forcing  frequency/natural  fre¬ 
quency,  main  mass 

fj.  =  • 

To  obtain  Hq.  (11)  must  now  be 

maximised  witli  respect  to  g .  This  operation 
was  found  to  be  very  laborious  and  was  there¬ 
fore  set  up  on  an  analog  computer.  The  com¬ 
puter  solution  provided  the  g  corresponding 
to  the  for  optimum  f  and  values. 

These  computer  snl’itions  arc  shown  graphi¬ 
cally  in  Figs.  Sa,  b,  c,  and  d.  It  can  be  seen 
in  these  figures  that  for  the  range  of  u  and 
/9^  considered,  f  =0.95  for  optimum  condi¬ 
tions.  With  the  values  of  f ,  g ,  and  /S,  estab¬ 
lished  from  the  computer  solution,  it  is  pos¬ 
sible  to  solve  Eq.  (11)  for  in  terms 

of  n  and  /3^.  Figure  4  depicts  (A,'Ao),,,  for 
typical  values  of  m  and  For  design  pur¬ 
poses  of  the  absorber  system  It  Is  necsesary 
to  knew  the  maximum  relative  motion  be¬ 
tween  the  absorber  and  the  main  mass,  l.e., 

(A,  Ag),,,  or  in  normallaed  form 
[(A,  -  Ae)/Ao]  „  .  Similar  to  the  derivation 
for  (A*/Ap)^,,  the  equation  for  maximum 
relative  motion  is  derived  from  Eqs.  (8)  and 
(9).  The  steps  in  arriving  at  the  final  equa¬ 
tion  below  are  omitted  for  the  sake  of  brevity. 

A. -A,  _ kVi  ^  _ 

+  4g2j^/3,(f2-g2)  t  f/3,  -  fg*/3.(M  +  l)j^ 

(12) 

As  for  the  computation  for  the 

same  computer  solutions  for  g,  f,  and  /3^ 
are  applied  in  Eq.  (12).  Values  for 
[(A.  -Ae)/Ao],„.,  have  been  determined  for 
the  same  typical  values  of  ^  and  as  for 
(Ae/Ao)„„  and  are  given  in  Fig.  S.  The 
optimum  absorber  mass  damping  /8^  associ¬ 
ated  with  (Ae/Ao)„.,  and  [(A,-Ae)/Ao]„„,  is 
given  in  Fig.  6  as  a  fimction  of  the  mass 
ratio  M. 
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Fig.  3  -  Analog  computer  solutions  for  the  trans- 
miislbllltyof  the  main  mass  versus  critical  damping 
ratio  of  the  absorber  oystem  for  various  constant 
mass  ratios  and  main  system  critical  damping  ratios 


^^8'  ^  ■  Transmlssibllity  of  main  mass 
versus  mass  ratio  for  optimum  andf 


Fig.  5  -  Normalised  absorber>main 
mass  relative  displacement  amplitude 
versus  mass  ratio  lor  optimum  /S  and  f 


DESIGN  ILLUSTRATION  FOR  A 
VIBRATI^  ABSORBER  SYSTEM 

In  approaching  an  absorber  oystem  design, 
the  designer  must  know  three  things  about 
the  atnictiu-al  member  whose  vlbratlw;  is  to 
be  controlled  by  a  vibratimi  absorber.  These 
are: 

1.  The  frequency  of  its  TCBOllallCS^ 

2.  The  effective  mass  of  the  resonant 
member, 

3.  The  damping  of  the  resmiant  member. 

For  simple  structur&l  members,  items  1  and 
2  can  be  calculated,  and  3  can  be  found  in 
material  hantfiwoks.  For  complics^d  struc¬ 
tural  members  or  if  the  structural  member 
is  at  hand,  a  simple  vibration  test  will  provide 


Fig.  6  -  Optimum  absorber  critical 
damping  ratio  versus  mass  ratio 


all  three  iteiUB.  In  a  single  frequency  sweep 
test,  the  tr^missibiiity  of  the  resonant 
member  and  the  corresponding 

resonant  frequency  (<u^)  are  easily  deter¬ 
mined.  For  a  lightly  damped  resonator 
<  0.1), 
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where  is  the  transmlssibility  of 

the  resonant  member  without  the  vibration 
absorber. 

For  a  distributed  mass  resonator  the  ef¬ 
fective  mass  is  eQuai  to  the  mass  of  a  ore- 
degree-of-freedoni  system  with  identical 
kinetic  energy  at  resmiance.  The  expression 
for  this  is 


k 

"  ~3  Z  (1<) 

«  1. 1 

where 

*  effective  mass 

Am,  »  mass  of  the  !“»  portion  ct  the  dis¬ 
tributed  mass 

a,  *  displacement  amplitude  of  Am,  at 
resonance,  l.e.,  at 

a,.  =  displacement  amplifejde  at  antinode 
of  structural  membjr  which  should 
also  be  the  absorber  system  location 

In  Eq.  (14),  a,  and  a^  is  determined  exper¬ 
imentally  and  Am,  may  be  meuured  or  cal¬ 
culated.  The  application  of  Eq.  (14)  is  best 
illustrated  by  an  example.  Consider  a  cir¬ 
cuit  board  supported  along  two  opposite  edges 
as  shown  In  Fig.  7a.  Imagine  this  circuit 
board  divided  Into  sections  ss  indicated  by 
the  dotted  lines  In  Fig.  7a  with  the  mass  of 
each  section  lumped  at  the  eg  as  shown  in 
Fig.  7b,  With  a  vibration  probe  the  peak  de¬ 
flection  may  then  be  measured  at  each  eg 
location.  It  must  be  remembered  that  these 
deflection  measurements  are  made  with  the 
circuit  board  at  the  resonance  to  which  the 
absorber  system  is  to  be  tuned.  This  ap¬ 
proach  is  perfectly  general  and  holds  for 


any  mode  shape.  For  a  large  number  of  Am, 
it  may  be  profitable  to  tabulate  the  data  on  a 
form  such  as  that  illustrated  in  Fig.  8.  The 
number  of  Am,  must  be  chosen  with  discre¬ 
tion.  Too  large  a  number  may  be  unnccss- 
sarlly  cumberseme  while  too  small  a  num  - 
ber  may  Introduce  too  large  an  error  b  m,. 

Once  m  ,  0)^,  and  have  been  determined, 
it  is  possible  to  obtab  all  necessary  design 
Information  for  the  ibsorber  syatem  from 
Figs.  4,  5,  and  6  (withb  the  range  of  the 
curves  presented).  The  following  four  steps 
should  provide  ail  the  bform&tlon  necessary 
for  the  design  of  the  ibsorber  system. 

1.  Correspondbg  to  a  desired  transmis- 
sibllity  of  the  mab  mass  system  CAVA  ) 
read  a  ^  b  Fig.  4. 

2.  Solve  for  m,  and  k,  by  using  the  ex¬ 
pressions  below. 

ra,  =  ,  • 

i  (15) 

k,  (0.95  0.'^  m.  . 

(For  the  range  of  m  and  considered  in  this 
presentation  f  =  0.85  wlttoul  serious  loss  of 
engineering  accuracy.) 

3.  Obtab  [vA,-A.)/A,),„  from  Fig.  5  and 
solve  for  be  mbimurc  allowable  excursion 

of  m,  by  usbg  the  following  ei^resston; 


where 

D  =  mbimum  allowable  excursion  of 
absorber  system, 

2Ag  »  double  dbplacement  ampllbde  of 
sbusoidal  base  vibration. 
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Fig.  7  -  Example  of  deflection  measurements 
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Fig.  8  -  Form  for  tabulating  a 
large  number  of  Am 


4.  Obt&ifi  Absorber  critical  damslnc  ratio 
>3,  froa  Fig.  6.  * 

I>u-ing  the  physical  design  oi  the  absorber 
Aystea  soae  experimentation  may  be  neces  ¬ 
sary  to  check  the  parameters  and  fi  .  This 
check  is  a  praclple  the  same  as  the  deter¬ 
mination  of  and  /3^  for  the  msdn  mass. 

Based  on  the  design  data  presented  herein 
an  absorber  system  was  constructed  and 
tested.  Figure  9  depicts  the  design  of  this 
absorber  system.  It  consists  of  a  thin 
wryllc  tube  closed  at  both  ends  which  houses 
two  compressed  coll  springs  separated  by  a 
steel  ball.  In  addition  to  the  ball  and  the 
springs,  the  tube  is  partially  flUed  with  a 
silicone  oil.  Clearance  between  the  ball  and 
toe  tube  lUlows  the  oil  to  pass  to  either  side 
01  the  ball  when  the  ball  is  in  motion.  The 
correct  clearance  and  rtUio  oil  volume  to 
total  volume  had  to  be  determined  to  avoid 
excessive  firing  and  mass  effects  of  the  oil. 

To  demonstrate  the  effectiveness  of  thie  vi¬ 
bration  absorber  design,  vibration  trans- 
mlsslblllty  measurements  were  made  on  a 


Fig.  9  -  Vibration  absorber  ayitem 


Fig.  10  -  Circuit  board  -odth  vibration 
abaoiber  attached 


circuit  board  with  and  withrmt  the  absorber 
in  place.  The  circuit  board  with  the  absorber 
in  place  is  shewn  in  Fig.  10  and  transmls- 
olblllty  plots  corresponding  to  these  two  con- 
figurations  in  Fig.  11.  This  lUustrates  that 
an  absorber  system  having  a  mass  comparable 
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Fig.  11  -  Transmissibility  vs  normalized  iorcing 
frequency  plot  for  circuit  board  with  and  without 
absorber  system 
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to  that  of  a  submlniahire  component  part  can 
very  appreciably  re&:ce  the  0  of  a  circuit 
board  and  thus  provide  an  improved  vibration 
environment  for  the  board  and  mounted  coia- 
ponentB.  Figure  11  iUusirates  a  400  percent 
reduction  in  transmlsslblllty  at  the  eiqjenGe 
of  a  3  percent  increase  Ln  weight.  Greater 
convenience  in  the  application  of  the  absorber 
system  may  be  envisaged  in  the  form  of 
ready-made  absorber  systems  (such  as  the 
type  Illustrated)  covering  a  certain  range  of 
absorber  mass,  natural  frequency,  ana 
damping  ratio.  Much  like  the  selection  of  a 
resistor  or  capacitor,  an  absorber  system, 
suitably  marked  for  identtficaUon,  may  be 
readily  selected  for  each  application. 


CONCLUSION 

Altljough  the  virtues  of  the  vibration  ab¬ 
sorber  application  to  circuit  boards  and  other 
electronic  assemblies  appear  very  promising, 


the  designer  is  cautioned  noi  to  rely  on 
the  vibration  absorber  as  a  crutch  lor 
poor  design. 

In  the  case  of  circuit  boards,  for  In¬ 
stance,  the  principle  design  criteria  is  the 
Doard  deflection  at  the  fundamenUl  reso¬ 
nance.  For  typical  board  designs  this 
occurs  in  the  freiiuency  range  between  100 
and  300  cps.  If  the  fundamental  resonance 
can  be  controlled,  tlK)  higher  modes  are  of 
no  particular  consequence,  since  the  cor¬ 
responding  deflections  become  very  small. 
For  the  sske  of  illufitratlon  a  poorly  de¬ 
signed  board  may  have  its  (undatnental 
resonance  at  SO  epe  which  can  be  "taken 
out"  by  a  vibration  absorber;  however,  the 
third  mode  resonance  may  still  cause  dam¬ 
age.  Transmlssiblllty  measurements  at  the 
higher  modes  indicate  some  improvemerit 
due  to  the  abeerber;  however,  more  work 
will  have  to  be  done  for  any  conclusive 
data. 
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DISCUSSION 


Mr.  Foster  (Collins  Radio  Company); 

You^  device  I  believe  you  cold  for  site 
In  a  fix  situation.  Suppose  that  you  were 
going  into  production  on  something  and  you 
could  be  about  10  percent  off  in  natural  fre¬ 
quencies  by  having  tolerances  in  your  manu¬ 
facturing  process,  and  suppose  that  you 
were  ten  percent  off  in  the  manufacture  of 

VOUr  phflnv'Kttr  Wnvei  0*m^ 

work  to  Indicate  nny  type  of  reduction  that 
you  would  get  in  that  situation? 

Mr.  Winters:  Yes.  The  question  was 
whai  hajq)en8  when  we  have  approximi^tely  a 
ten-percent  variation  in  our  absorber  param¬ 
eters.  The  equations  presented  there  and  in 
the  paper  will  allow  you  to  calculate  your 
resulting  maximum  transmisoibility  for  any 
parameters  that  you  so  desire.  You  would 
u.ce  5,  10,  20  percent  limits,  just  depends  on 
what  you  felt  you  could  work  with  w  manu¬ 
facturing  tolerances. 

Mr.  Thomas  (Lord  Manufacturing  Com¬ 
ply)- In  your  experimental  work  did  ycu 
work  with  any  shapes  other  than  the  rather 
simple  rectangular  board  supported  on  the 


comer  as  you  showed  In  your  slide,  or  did 
you  work  with  my  cantilevered  boards  or 
an}4hing  of  that  nature  ? 

Mr.  Winders:  No,  we  didn't.  However, 
you  could  use  diiferont  boards,  different 
shapes,  different  edge  conditions,  because 
the  treatment  In  the  pa^r,  for  instance  when 
we  are  computing  the  effect  of  mass,  la  a 
very  general  type  o-  approach  and  can  be 
extended  to  otter  edge  conditions. 

Mr.  Thoman:  If  you  didn't  do  that  with 
your  ejqperlmen'al  work  did  you  try  workijig 
out  anything  to  find  a  more  critical  type  of 
board  where  you  might  have  to  use  two  ab¬ 
sorbers  or  what  would  occur  In  the  case 
where  you  had  a  very  long  board? 

Mr.  Winters:  I  think  the  question  you  are 
asking  is,  if  you  have  a  long  board  you  are 
actually  worried  then  not  only  about  the  first 
mode,  but  higher  modes,  what  the  euect 
would  be.  For  all  the  odd  number  of  modes, 
first,  third,  fifth,  and  so  forth,  you  will 
derive  some  decree  of  protection  from  the 
absorber  by  usii^g  the  end  conditions  shown. 


SS 


I 


f 

For  your  even  numbered  modes  such  as  the 
second,  then  your  absorber  would  be  sitting 
at  the  nodal  point  end  would  offer  no  protec¬ 
tion.  Generally  in  circuit  boards  where  you 
figure  displacement  is  your  primary  enemy, 
your  fund^ental  mode  is  the  most  severe. 
This  is  the  application  we  had  in  mind  when 
we  designed  the  system. 

Mr.  YoBhlmoto  (Hu^s  Aircraft):  In 
youTaEsorber  design  old  you  have  anything 
in  the  way  of  an  artificial  method  of  con¬ 
trolling  your  damping? 

Mr.  Winters:  The  damping  wm  cen- 
trolled  by  substituting  different  viscosities 
of  silicone  fluid. 


Mt .  Yoshimoto:  You  had  fluid  in  that 
capsule  ? 

Mr.  Winters:  Yes.  In  fact,  the  one  we 
useTEerc  was  approximately  125  70 
silicone. 

Mr.  YoahlmOiO;  What  hanMns  versus 
tGmperabjre? 

Mr,  Winters;  That's  the  reason  we  used 
the  silicone  fluid,  because  of  the  small 
change  in  vlscoaity  due  to  temperature.  Ac¬ 
tually  when  the  temperatures  become  higher 
and  the  viscosity  goes  down,  you  will  have  a 
corresponding  decrease  in  damping,  and  you 
can  determine  the  net  result  on  your  circuit 
board  with  this  decrease  In  damping  from 
the  equations  given. 

Mr.  Yoshimoto:  Does  the  viscosity 
change  too  much  at  minus  05  ?  Is  it  a  fairly 
reasonable  figure  there  also? 


Mr.  Winters:  Actually  we  tried  it  at 
room  temperaFure.  We  haven't  gone  to  ex¬ 
tended  temperatures  yet. 

Mr.  Golueke  (Wright  Air  Development  Dl- 
vtslon):  'fhc'size  of  the  absorber  ^  related 
to  the  dimensions  of  the  circuil;  board  in  a 
perpendicular  direction;  what  are  the  ap¬ 
proximate  dimensional  penalties  involved? 

Mr.  Winters:  Weil,  this  would  depend 
upon  the  particular  design  that  you  had 
undertaken.  Ckie  of  the  problems  or  param¬ 
eters  that  must  be  examined  Is  this  relative 
motion,  and  you  must  permit  enough  space 
for  your  absorber  mass  to  move  so  that  it 
doesn't  bottom.  Otherwise  you  then  have  a 
nonlinear  phenomena  that  would  throw  off 
your  calculations.  So  for  each  specific  ap¬ 
plication  you  have  to  design  the  absorber  in 
such  a  way  that  you  have  an  optimized  mass 
and  damping  and  clearance  ratio  for  your 
particular  application. 

Mr.  Prels  (Hazeltlne  Corporation):  1 
read  your  original  paper  and  I  recall  you 
mentioned  something  about  making  experi¬ 
ments  in  order  to  find  the  damping  ratio. 

You  mentioned  also  you  used  silicone  fluids. 
Have  you  got  any  method  for  synthesizing 
prior  to  testing  to  get  that  damping  without 
doing  any  test  work  ? 

Mr.  Wtoters;  Actually  we  haven't  as  yet. 
We  used  the  rule  of  thumb  and  we  came  out 
with  a  pretty  good  looking  thumb  this  time, 
but  I  couldn't  guarantee  anything  beyond 
what  we  have  done  already.  I  am  sure  that 
some  relationships  could  be  brought  about 
from  the  amount  of  clearance  you  have,  the 
ratio  of  the  clearance  between  your  cylinder 
and  the  wall  and  the  viscosity  of  the  fluid 
that  you  are  usirig. 


*  «  * 
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A  PRACTICAL  APPROACH 
TO  SHOCK  MOUNTING 
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R.  C.  Dove 

Univoraify  of  New  MexAco 


In  the  deeign  of  ehock-mountiig  gyatemt  it  ii  deairable,  if  not  man¬ 
datory,  to  have  analytical  meana  for  evaluating  different  materiala  be¬ 
fore  a  full-acalo  device  ia  built  and  teated.  Unfortunately,  mathematical 
aualyaia  ia  often  difficult.  Thia  paper  deecriboa  an  approximate  method 
for  aolving  ahock-mounting  problema.  Application  ia  illuatrated  by 
examplea,  and  experimental  proof  of  ita  validity  is  g<ven. 


INTRODUCTICW 

The  practice  of  sbock-mo’intlng  fragile 
components  is  becoming  increasingly  com¬ 
mon  in  today's  technology,  b  the  iVslp  of 
shock-mounting  systems  it  is  desirable,  if 
not  mandatory,  to  have  analytical  means  for 
evaluating  different  materials  before  a  full- 
scale  device  is  built  and  tested. 

Unfortunately,  mathematical  analysis  of 
the  problem  is  hampered  by  several  factors. 
First,  there  is  a  scarcity  of  data  on  the  dy¬ 
namic  behavior  of  availsdile  materials,  par¬ 
ticularly  tnose  which  sre  rate-sensitive. 
Second,  even  if  data  are  obtained,  it  is  very 
difficult  to  express  It  in  analytical  form. 
Also,  the  relidionships  between  such  vari¬ 
ables  as  stress,  strain,  and  rate  of  strain 
are  usually  nonlinear  and  create  serious 
mathematical  difficulties  in  the  solution  of 
problems. 

This  paper  describes  an  approximate 
method  for  solving  shock-mounting  prob¬ 
lems.  A  procedure  is  given  for  experi¬ 
mentally  determining  the  dynamic  stress 
law  of  a  material.  The  law  is  expressed  in 
graphical  form  with  no  attempt  being  made 
to  write  it  as  an  equation.  A  plausible 


estimate  is  mads  of  the  stats  of  strain  in  the 
material  of  the  shock-mountliig  syetem.  This 
strain  state,  together  with  the  stress  law,  is 
used  to  calculate  the  response  of  the  system 
to  any  applied  forcing  fuactlon.  The  differ- 
entUl  eq^ons  are  eolved  by  numerical 
procedures. 

Application  of  the  method  is  illustrated 
by  examples,  and  experimental  proof  of  its 
validity  is  given. 

By  using  thia  method,  a  sufficient  numlier 
of  examples  have  been  solved  to  determLne 
how  the  cushioning  effectiveness  of  a  given 
material  will  be  altered  by  such  variables 
as  cushion  thickness,  mass  supported,  Aira- 
tion  of  loading  pulse,  etc.  This  information 
is  present  in  graphical  form. 


DEFINITION  OF  PROBLEM 

Figure  1  illustrates  the  problem  under 
consideration.  A  rigid  case  experiences  an 
acceleration  pulse  a(t),  where  t  denotes 
time.  Within  the  case  is  a  rigid  mass  m 
mounted  in  a  flexible  material.  It  is  desired 
to  calculate  the  acceleration  response  a(t) 
of  the  mass.  The  purpose  of  the  calculations 
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Fig.  1  -  Shock-mounting  8y«tem 


Is,  In  most  applications,  to  select  a  material 
which  will  s:ive  the  smallest  peak  value  of 

a(t). 

In  general,  the  problem  involves  large 
deformations  of  a  material  of  complicated 
shape  and  unknown  stress  law.  Certain 
simplifications  concerning  the  state  of 
strain  in  the  material  are  necessary  before 
tlie  arialysis  can  proceed.  Condltlwis  will  be 
placed  on  the  problem  lo  Insure  that  each 
material  element  e  is  in  a  state  of  approxi¬ 
mately  uniform  compression  and  shear.  If 
variation  in  strain  state  occurs  from  one 
element  to  another,  it  must  take  place 
slowly,  that  is,  only  over  distances  compar¬ 
able  to  the  over-ali  system  dimensions. 

It  will  be  assumed  that  the  material 
thickness  everywhere  is  small  compared 
with  the  dimensions  of  the  system.  This 
reQuires  the  strain  to  he  approximately 
constant  through  the  thickness  of  the  mate¬ 
rial,  at  least  under  static  loading.  This  will 
also  be  true  under  dynamic  loading  if  the 
magnitude  of  the  strain  waves  is  small  com¬ 
pared  with  the  maximum  strain  attained.  If 
there  are  free  surfaces  of  the  material,  such 
as  around  the  cavity  c  in  Fig.  1,  the  strains 
in  the  neighborhood  of  these  surfaces  may 
violate  the  above  conditions.  The  dimensions 
of  this  boundary  region  will  be  comparable 
to  the  material  thickneno  hnwavp** 


effect  on  the  problem  as  a  whole  will  be 
insignificant. 

The  material  thickness  can  vary  from 
point  to  pclat,  but  variations  must  occur  only 
in  distances  comparable  to  over-all  system 
dimensions. 

In  the  special  case  of  compressive  or 
tensile  loading  of  a  materia]  exhibiting  neg¬ 
ligible  Poisson  effect,  the  condition  on  the 
material  dimensions  can  be  relaxed  some¬ 
what.  Since  no  strains  tend  to  occur  in  direc¬ 
tions  perpendicular  to  the  direction  of  ap¬ 
plied  strain,  each  matprlnl  element  acts 
independently  of  the  elements  adjacent  to  it. 

No  strain  deviation  near  free  surfaces  oc¬ 
curs,  and  the  requirement  of  large  lateral 
dimensions  of  the  material  can  be  dripped. 
The  system  dimensions  perpendicular  to  the 
material  must  still  be  large  compared  with 
the  material  thickness,  however. 

The  writers  have  found  that  many  mate¬ 
rials  useful  in  shock  mounting  exhibit  little 
Poisson  effect.  Tlie  fact  that  such  materials 
behave  the  same  whether  confined  or  uncon¬ 
fined  makes  their  performance  more  predict¬ 
able  and  simplifies  the  task  of  obtaining  ex¬ 
perimental  data  on  their  dynamic  behavior. 
This  pobit  will  be  discussed  later. 

Figure  2  depicts  the  assumed  state  of 
strain  of  the  material  for  points  sufficiently 
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-CASE 


Fig.  2  -  Assumed  state  of  strain 


far  from  free  surfaces.  For  an  arbitrary 
displacement,  consisting  of  translation  and 
rotation  of  the  mass  m  within  the  case,  the 
displacement  of  any  botmdary  point  p  with 
respect  to  the  case  can  be  c^culated.  This 
displacement  is  denoted  by  x  The  normal 
to  the  material  surface  at  the  point  p  m:akes 
an  angle  6  with  the  direction  of  x .  As  a  con¬ 
sequence  of  the  displacement  x,  the  material 
element  at  point  p  receives  a  compressive 
strain  ot  e  =  (x  cos  d)/h  and  a  shear  strain 
of  y  -  (x  sin  d)/h.  Since  the  material  is  as¬ 
sumed  fastened  to  both  the  case  and  the  mass. 
The  rates  of  change  of  the  strains  with  ’*e- 
spect  to  time  are  «  =  (x  cos  £»)/h  ooxd 
y  =  (i  sin  0)/b  ,  itrhere  the  dot  denotes  dif¬ 
ferentiation  with  respect  to  time.  Note  that 
the  definition  of  the  strains  rests  on  the 
previous  assumption  of  uniform  strain 
through  the  thickness. 

For  a  given  displacement,  the  above  for¬ 
mulas  define  the  strain  at  every  point  in  th.e 
material.  If  the  stress  law  is  known,  the 
stress  at  each  point  can  be  calculated.  The 
stresses  can  then  be  suramed  to  give  the 
total  force  and  moment  on  the  mass. 

Simple  stress  laws  and  geometries  can 
be  treated  analytically.  For  example,  con¬ 
sider  a  materM  of  constant  thickness  h 
surrounding  a  sphere  of  radius  R.  Let  the 
sphere-material  Interface  be  frictionless, 
so  that  no  shear  occurs.  Assume  the  stress 
law  a  =  Et  T  cc,  where  cr  denotes  compres¬ 
sive  stress  and  the  quantities  E  and  c  are 
constants.  The  total  force  for  a  uniform 
translation  x  is 


IL 

f(x)  =  f  cr{6)  sin  &  cos  8  A6 

J(i 


277R^  sin  6  cos  cos  3  +  ^cos  ^d8- 


Because  of  the  symmetry  of  the  problem  and 
the  absence  of  rotational  displacement  there 
arc  no  moments,  and  the  force  f(x)  is  par¬ 
allel  to  the  displacement  x .  It  is  seen  that 
the  force  is  given  by  the  product  of  the  stress 
at  the  point  S  =  0  and  two-thirds  of  the  pro¬ 
jected  area  of  the  sphere.  Note  that  the  in¬ 
tegration  occurred  over  only  one-half  of  the 
sphere,  since  the  material  was  assumed  not 
fastened  to  the  sphere. 

When  the  stress  law  and/or  the  geometry- 
are  complicated,  direct  integration  is  im¬ 
possible  and  further  sqjproximation  must  be 
made.  For  example,  when  the  problem  is 
axially  symmotric,  the  surfaces  of  revolu¬ 
tion  can  be  replaced  by  series  of  conical 
segments,  each  segment  having  associated 
with  it  an  average  material  thickness.  Strain 
and  strain  rate  are  then  constant  over  the 
surface  of  each  segment.  The  contributions 
of  all  segments  can  be  added  to  obtain  the 
total  force  on  the  mass.  This  is  illustrated 
in  the  sample  problem  in  the  Appendix. 
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DETERT^INATION  OF  THE 

STRESS  LAW 

A  stress  law  is  deflnBd  hart  as  a  rela¬ 
tionship  between  the  two  functions  stress  and 
strain  and  their  time  derivatives.  Familiar 
cases  are  (1): 

<7  =  E€  +  cl  . . . .  Voigt  model 

<7  +Kct  -  Ee  +cf  . . . .  standard  linear  model. 

To  date,  the  writers  have  investigated  the 
dynamic  behavior  of  materials  under  com¬ 
pressive  stress  only.  It  has  been  found  that, 
for  every  promising  material  tested,  the 
stress  can  be  satisfactorily  represented  for 
purposes  of  response  calculations  as  a  func¬ 
tion  only  of  strain  and  strain  rate.  This  is 
demonstrated  aa  follows:  Samples  of  mate¬ 
rial  are  placed  on  a  rigid  foundation  and  com¬ 
pressed  by  a  falling  mass.  Acceleration  of 
the  mass  during  the  impact  Is  obtained  by  a 
crystal  accelerometer.  Under  the  assump¬ 
tion  of  negligible  Poisson  effect,  the  stress 
is  taken  to  be  uniform  over  the  sample  area 
and  is  calculated  as  a  function  of  time  from 
the  acceleration  curve.  Strain  rate  and 
strain  are  obtained  from  the  first  end  second 
integrals  of  acceleratio.n,  respectively.* 

Regarding  strain  rate  as  a  function  of 
strain,  each  drop  is  represented  by  a  trajec¬ 
tory  on  a  strain  rate  vs  strain  chart.  Fig.  3, 
solid  line.  Tba  Ltitial  impact  occurs  at  zero 
strain  and  at  a  strain  rate  given  by  impact 
velocity  divided  by  material  thickness.  Com¬ 
pression  then  proceeds  with  decreasing 
strain  ra^e  and  increasing  strain.  Termina¬ 
tion  of  compression  occurs  at  zero  strain 
rate  and  maximum  strain.  Associated  with 
each  point  on  the  trajectory  is  a  known  value 
of  stress.  This  is  illustrated  in  Fig.  3  by  a 
few  discrete  stress  values. 

It  is  quite  easy  to  perform  a  second  drop 
on  the  same  material  such  that  the  trajectory, 
dotted  line  in  Fig.  3,  will  cross  the  first  tra¬ 
jectory.  This  is  accomplished  by  using  a 
heavier  mass  and  a  lower  impact  velocity. 

At  the  point  common  to  both  trajectories, 
both  material  samples  have  the  same  strain 
and  strain  rate,  but  different  strain  histories. 
Also,  the  point  is  reached  at  different  times 
for  the  two  samples.  If  the  stress  is  a  function 


*An  rJternate  method  for  obtaining  atrega, 
atrajn,  and  strain  rata  from  such  drops  is 
diserssed  in  a  previous  paper  (2). 


Fig.  3  -  Strain  vs  strain  rate 
for  simple  drop  tost 


only  of  strain  and  strain  rale,  the  stresses 
in  tee  samples  should  be  equal  at  the  com¬ 
mon  point. 

The  writers  have  found  that  this  is  ap¬ 
proximately  true  for  a  large  number  of  ma¬ 
terials  over  all  values  of  e  and  i  that  are  of 
importance  in  the  impact  problems  being 
considered.  It  must  be  emphasized,  how¬ 
ever,  teat  each  new  material  must  be  checked. 

When  a  material  has  been  proven  to  have 
a  stress  law  Involving  only  strain  and  strabi 
rate,  the  law  is  represented  on  an  "Isostress 
plot,"  Fig.  4.  Here,  the  data  obtained  In  the 
tests  described  previously  are  used  to  plot 
lines  of  constant  stress  in  strain,  strain  rate 
coordinates.  This  is  accomplished  by  draw¬ 
ing  in  a  large  number  of  e  -  e  trajectories 
and  connecting  with  a  smooth  curve  all  tra¬ 
jectory  points  having  the  same  value  of 
stress.  Sufficient  curves  are  drawn  to  In¬ 
sure  that  the  stress  value  for  any  point  (« ■  0 
can  bt'  accurately  obtained  by  Interpolation. 

At  low  values  of  strain  rate,  where  the  drop 
test  data  becomes  inaccurate,  a  cam-driven 
device  described  in  the  literature  (3)  is  used. 

If  a  material  exhibits  significant  Poisson 
effect,  the  data  for  the  Isostress  plot  should 
be  obtained  from  laterally-confined  samples. 

In  this  manner,  tee  conditions  experienced 
by  the  mateirial  in  actual  use  will  be  most 
accurately  duplicated.  Lateral  confinement 
can  be  easily  introduced  by  placing  the  ma¬ 
terial  specimen  in  a  snugly  fitting  metal 
ring.  The  inner  surface  of  the  ving  should 
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x(  t )  =  acceleration  of  inner  component 
relative  to  case 

f  =  force  on  inner  component,,  positive 
in  direction  of  negidlve  x 

m  B  mass  of  inner  component 

a(t)  >  absolute  acceleration  of  inner 
component,  positive  in  direction 
of  positive  i(t). 

The  subscript  n  will  denote  a  value  at  *be 
end  of  the  nth  time  interval.  A^(  s,  x, . . . )  * 
change  of  corresponding  quantity  during  nth 
time  interval.  The  initial  conditions  are 

X(0)  =  X„,  X(0)  =  Xg. 

The  formulas  used  are; 


Fig.  4  -  IsoBtresB  plot 


A.x  = 


*n-l 


+  X. 


At 


‘n-1 


+  X. 


■At 


be  smooth  and  weil-lubricated  to  minimize 
friction.  Confinement  can  also  be  obtained 
by  compressing  the  sample  between  rough 
surfaces,  the  sample  thickness  being  small 
compared  with  its  other  dimensions.  Under 
these  circumstances,  only  a  negligible 
nmount  of  material  is  free  to  expar.d  laterally. 

The  category  of  materials  representable 
by  an  Isostress  plot  includes  the  Voigt  model 
as  a  special  case.  The  plot  for  a  Voigt  ma¬ 
terial  ia  a  family  of  parallel  straight  lines 
with  negative  slope.  The  Maxwell  and  stand¬ 
ard  linear  models  involve  rute  of  stress  and 
are  not  included  in  this  category. 


x„  cos  6 


sin  0 


y  = 

'  n 


fn  " 

*n  ^  ^♦1’'  =  ^*1 


x„  cos  0 


Xjj  .sin  9 


n  -  f; 

fn  _  . 


The  expressions  involving  A^i  and  A^  are 
approximate  for  finite  At  but  become  exact 
as  At  approaches  aero. 


CALCULATION  OF  RESPONSE 

While  the  foregoing  principles  are  appli¬ 
cable  to  problems  with  multiple  degrees  of 
freedom,  the  writers  have  to  date  dealt  only 
with  single-degree  systems. 

The  numerical  procedure  chosen  for  solu¬ 
tion  of  the  problems  was  selected  for  its 
rapidity  and  ease  of  comprehension.  To 
begLi,  the  time  scale  of  the  applied  pulse  Is 
divided  Into  a  number  of  finite  intervals  At. 
Let 

a(t)  =  case  acceleration 


The  procedure  for  using  these  equations 
in  a  step-by-step  solution  of  the  problem  is 
illustrated  by  the  operations  necessary  to 
pass  from  the  nth  time  interval  to  the  n  t  1 
time  interval:  Caven  the  values  x^,  x^,  x^, 
and  a^^i,  estimate  a  value  of  x„+i.  Calculate 
A„,ji  and  A^,jx,  and  from  these  get  x^^j  and 
i„*i.  When  x^,j  and  are  known, 
and  1  can  be  calculated  at  every  point  (d 
the  material.  Tiie  isostress  chart  then  gives 
the  stress  over  the  body.  These  sti'esses 
are  summed  in  the  direction  of  -x  to  give 
f„ti .  Using  this  fnti,  calculate 

i-  -  B- 

-  Sn+l  - 


x(  t )  =  displacement  of  inner  component 
relative  to  case,  positive  in  direc 
tlon  of  negative  a(t) 

x(t)  =  velocity  of  inner  component  rela¬ 
tive  to  case 


and  compare  with  the  estimated  value.  U  it 
is  not  close,  use  the  x^^,  which  was  calcu¬ 
lated  for  an  improved  guess  and  repeat. 
This  method  of  successive  appraximatiGns 
converges  very  rapidly.  In  f^,t,  an  ex¬ 
perienced  computer  will  often  make  so 
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accurate  a  first  estimate  tha  (urtlier  ap¬ 
proximations  are  not  necessa  7. 

To  avoid  erroneous  answei'  resulting 
from  time  intervals  being  t'x> .  arge,  the 
calculation  must  be  repeated  v  tth  a  smaller 
interval,  the  response  «(t)  si  ould  agree 
well  wiUi  the  first  calculation.  If  It  (toes  not, 
the  time  Interval  must  again  b(  reduced,  and 
so  on. 

In  practice,  it  is  found  that  ven  very 
coarse  time  meshes  give  satis  actory  results. 
This  Is  due  In  part  to  the  fact  <  tat  goi^shock- 
mltigatlng  materials  give  hlglLl  t  damped  re¬ 
sponses  without  rapid  fluctuati  no  and  steep 
slopes.  It  follows  that  only  a  i  .  w  mesh  points 
will  accurstely  represent  such  functions.  It 
has  been  the  writers'  experien  e  that  for 
smooth  forcing  functions  such  ;  s  half-sine 
pulses,  &  dozen  mesh  points  w,i  1  give  good 
accuracy. 


otherwise  fasteii 
mass.  Ofcours! 
a  small  amount  (] 
from  sliding  frilc; 
the  material. 


Ing  the  material  to  the  inner 
in  the  case  of  the  sphere, 
if  shear  must  have  resulted 
lion  between  the  mass  and 


The  veliicle  wa|)  dropped  on  an  elastic 
eration-time  functions 
X  both  masses.  The  ac- 
ter  mass  and  the  isostress 
g  material  were  used  to 


block,  and  the  acce. 
were  recorded  froi 
celeration  of  the  oti 
plot  for  the  mountJi  _ 
calculate  the  respo.^tse  of  the  inner  mass 


Figure  5  shows  die  comparison  of  experi¬ 
ment  and  calcuMi'DRS.  The  curves  labeled 
a  are  the  case  acc  slerations.  The  solid 
curves  labeled  a  s  .-e  the  measured  responses 
of  the  inner  mass  The  dotted  curves  are  the 
calculated  respon  les.  The  diagram  on  each 
plot  indicates  tlie  geometry  used.  It  is  seen 
that  for  both  geoi  aetries  the  correllation  be¬ 
tween  theory  aiu  eiqieriment  is  satisfactory. 


The  numerical  procedure  dc  icrlbed  above 
is  well  suited  for  use  by  semis  dlled  person¬ 
nel.  The  operations  can  be  ind  cated  in  tab¬ 
ular  form  and  performed  quick  y.  It  waa 
found  that  an  individual  can  plo  as  many  as 
10  to  15  responses  per  day  for  i  problem 
Involving  a  flat  geometry  and  hi  if-slne  forc¬ 
ing  pulse.  More  complicated  g  ometries 
require  more  time. 

A  sample  calculation  of  the  wsponse  of  a 
spherical  mass  mounted  in  cusi dosing  ma¬ 
terial  of  varying  thlckneas  is  g  ven  Ln  the 
Appendix.  This  calculstlon  iUu  itratos  all  of 
the  operations  required  to  solvi  problem 
with  nonplanar  geometry  and  ore  degree  of 
freedom. 


COMP.^RlBON  OF  THEORY 
AND  EXPERIMENT 

To  ascertain  the  value  of  the  method  de¬ 
scribed  in  this  paper,  a  number  of  experi¬ 
ments  were  performed  and  the  'esults  com¬ 
pared  with  computations.  The  <  xop  vehicle 
used  In  the  tects  consisted  of  tv  0  masses, 
one  wltbln  the  other.  The  inner  mass  was 
separated  from  the  outer  by  a  t  iln,  uoiferm 
Ijiyer  of  cushioning  material.  'Iwo  geome¬ 
tries  of  the  inner  mass  were  us  jd,  a  right 
circular  cylinder  with  material  on  the  plario 
lower  end  and  a  sphere  with  OiSjerlal  cover¬ 
ing  the  lower  half. 

Since  dynamic  shear  and  tenjilon  have  not 
yet  been  investigated,  these  de.f'  »rmation8 
were  excluded  from  the  test  by  lot  gluing  or 


THE  INFLUENf  E  OF  PERTEfENT 
VARIABLES 

In  the  usual  ieslgn  problem,  the  cushion¬ 
ing  material  is  not  specified  and  the  cushion 
dimensions  arc  1  not  given.  These  must  be 
selected  so  tine  resulting  acceleration- time 
pulse  on  the  cu  ihioned  mass  and  cushion 
compression  xi  ill  be  acceptable. 

I 

Pniblena  r  i  this  type  may  be  solved  by 
using  the  metl  od  just  developed  only  through 
trial  and  erro  r.  That  is  (1)  assume  &  mate¬ 
rial  and  cush  on  dimensions;  (2)  solve  the 
problem;  (3)  if  results  are  not  satisfactory, 
make  new  9.1  sumptions  and  resolve  the  prob¬ 
lem  '.mtil  ih  i  results  are  satisfactory.  Since 
this  metbof  I  is  time-consuming,  a  better 
understanr  /lng  of  the  effect  of  th;  pertinent 
variables  /on  the  response  is  needed. 

Since  j.o  can  be  saved  it  the  number  of 
varlaMe  i  is  nsihiced  by  groupli.g  them  h’to 
nondi  iie  jsiontd  terms,  the  following  analysis 
has  bfesn  imade.  The  vai-icibles  considered 
are  aij  fo.  lows: 

(a)  Cu  shion  tliickness,  h, 

(b)  Ivlsi  .Tiitu.de  of  cushioned  mass  per  unit 
area  of  coaiiion,  m/A, 

(c)  The  nature  of  the  acceleration  pulse 
applied  to  the  case,  a(t) . 

The  acceleration  of  the  cushioned  mass  at 
any  time  can  be  written  as:  e  =  f(a,h,m/A,cr,  t), 
in  which 
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a  =  tne  acceleration  of  the  cushioned 

mass, 

a  s  the  acceleration  of  the  case, 
h  z  the  thickness  of  the  cushicn, 
m/A  *  the  mass  per  unit  area  of  cushion, 
a  -  stress, 
t  =  time. 

Grouping  these  quantities  as  dimensionless 
terms  v/e  have 


Likewise: 

X  =  f '(a,  h,  av^A,  a,  t). 

where  x  =  the  displacement  of  the  mass  reia 
tive  to  the  case.  Again,  by  grouping  into 
dimensionless  terms: 


If  a'  and  a'  are  now  aged  to  denote  the 
maximum  values  of  the  mass  and  case 


acceleration,  it  is  seen  that  with  the  time 
scale  and  shape  of  applied  pulse  fixed,  and 
for  a  given  material,  we  may  Investigate  tie 
effect  of  the  other  variables  on  a'  by  plotting 
s'/a'  VS  ma'/A  for  s  range  of  values  of  a'/h. 
Likewise  the  effect  of  the  variables  on  x' 
may  be  Investigated  by  plotting  x7h  vs  mS'/A 
for  a  range  of  values  of  a'/h,  where  x'  now 
denotes  the  maximum  relative  displacement. 

The  curves  presented  as  Figs.  6,  7,  and  8 
have  been  calculated  for  an  applied  pulse 
defined  as  a  half-sine.  The  isostress  dia¬ 
gram  for  a  mixture  of  polyrubbsr  and  stafoam 
which  was  used  in  these  calculations  is  pre¬ 
sented  in  the  Appendix.  This  material  was 
selected  since  Its  Isostress  graph  is  typical 
of  those  for  foamed  plastics.  These  carves 
are  the  result  of  the  solution  of  numerous 
problems  by  using  the  method  previously 
described. 

On  these  figures  the  term  "isolation  fac¬ 
tor"  (r)  is  used  as  the  ratio  of  the  maxlmtim 
(or  peak)  case  acceleration  to  the  maximum 
acceleration  of  the  cushioned  mass.  The 
displacement  of  the  mass  Relative  to  tine 
case,  x',  appearing  on  th«^e  figures  is,  the 
maximum  value.  Values  of  R  greater  than 
unity  indicate  that  some  attenuation  of  ac¬ 
celeration  has  been  achieved.  The  greater 
the  value  of  R ,  the  greater  this  attenuation. 
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Inspection  of  these  curves  reveals  that  if  the 
auppoi'lcd  maso  per  unit  area  of  cushion,  m/A, 
is  either  too  small  or  too  large,  the  value  of 
R  may  be  less  than  1,  i.e.,  the  cushion  pro¬ 
duces  an  amplification  of  the  applied  pulse. 

It  is  important  to  recognize  that  the 
grouping  of  variables  used  here  is  not  re¬ 
stricted  to  materials  expressible  by  an  iso- 
stress  plot.  This  scaling  includes  any  ma¬ 
terial  whose  stress  law  is  a  function  only  of 
strain,  time,  time  derivatives  of  stress  and 
strain,  and  time  integrals  of  stress  and 
strain.  For  purposes  of  calculations,  how 
ever,  we  must  restrict  ourselves  to  mate¬ 
rials  represented  on  an  isostress  plot,  i.e., 
those  whose  stress  law  is  a  function  only  of 
strain  and  its  first  time  derivative. 


Anoiner  point  of  interest  is  that  these  cal¬ 
culations  can  be  made  for  nonplanar  geome¬ 
tries  and  plotted  In  exactly  the  same  marjier. 
It  Is  only  necessary  to  define  A  as  some  area, 
e.g.,  projected  area  of  the  body.  The  plotted 
curves  will,  of  course,  apply  only  to  geomet¬ 
rically  similar  systems. 

CONCLUSIONS 

A  method  has  been  presented  for  solving 
shock- mounting  problems  for  which  the  ma¬ 
terial  stress  law  depends  only  on  strahi  and 
strain  rate.  The  usefuhiess  of  this  method 
has  been  demonstrated  by  experiment  for  the 
case  of  compressive  loading  oi  the  material. 
The  application  of  the  method  to  problems  in¬ 
volving  shear  and  tension  should  be  the  sub¬ 
ject  of  future  research. 
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APPENDIX 


SAMPLE  CALCULATION  OF  RESPONSE 
OF  A  SPHERICAL  MASS  MOUNTED  IN 
CUSHIONING  MATERIAL  OF  VARYING 
THICKNESS 

Problem 

Determine  the  acceleration  of  the  sphere, 
Fig.  Al,  as  a  function  of  time.  The  material 
thickness  varies  linearly  with  angle  from 
0.25  inch  to  0.080  inch,  or  h  0.26  -  0.34^/w. 
The  isostress  plot  is  provided.  Fig,  A2.  The 
case  acceleration  is  a  half- sine  pulse.  Fig. 
A3.  The  initial  conditions  are  *0  ■  0,  xj  »  0. 

First  divide  the  sphere  Into  conical  seg¬ 
ments,  for  which  strain  and  strain  rate  are 
constant.  Three  segments  will  be  used.  Fig. 
A4.  The  edges  of  the  segments  are  circles 
on  the  surface  of  the  original  sphere.  The 
material  thickness  for  each  segment  is  the 
value  associated  with  the  center  of  the  angu¬ 
lar  range  of  the  segment.  If  hj,  h,,  hj,  are 
the  three  thicknesses, 


.  -  „  0.J4  IS 

h,  =  0.25  -  —  Ygg-TT  =  0.222  inch, 


hj  =  0.25  -  inch, 


I*  -  A  AC  0.34  75  «  i/\/\ 

Kj  -  0.25 - —  — jT,  =  0.108  inch. 

The  notation  of  the  paper  will  be  used.  Let 
suMrscripts  refer  to  the  segments.  Thus, 

Is  the  compressive  strain  in  the  second 
segment  at  the  end  of  the  nth  time  interval. 

e  ( * )  =  X  — 1AJL5..  =  4  35  X 

n  %  0.222 

>'  "  0.165  ^  ^  ’‘n  ' 

e(3)  =  X  -  2  40  X 

n  n  0.108  >‘r  ■ 

=  ^^.4.35  i.. 


n  0.222 

=  4,29  i  , 
r.  n 

c(’)  r  2.40  X 


Fig.  Al  -  Illustrative  problem 


Fig.  A2  -  Isoitreso  plot 


Fig.  A3  ■  Applied  pulse  and  response  of  sphere 


The  surface  ^reas  of  the  segments 
26.4,  72.0,  and  98.5  square  inches  for  seg¬ 
ments  1,  2,  and  3,  respectively. 

If  o-('),  and  are  the  stresses 
corresponding  to  the  strains,  the  total  forces 
on  the  segments  are: 

Segment  1:  26.4 

Segment  2:  72.0  cr^^'>  , 

n 

Segment  3:  98.5  . 

n 

However,  only  the  components  of  these 
forces  parallel  to  x  affect  the  motion  of  m. 
The  components  in  the  direction  opposite  to 
X  are: 


25.4  (7^^)  cos  15°  =  25.5 

^  n  ' 

72.0  (7(2)  cos  45”  =  50.9  aC^) 

n  n  ’ 

98.5  (7(3)  cos  75”  =  25.5  a(3)  . 

n  n 


Finally,  the  total  vertical  force  on  the 
mass  is  25.5  7(2)  +50.9  7(2)  +25.5  fr(3)  =  f 

"  I  n  n’ 


For  the  first  calculation,  let  the  time 
Lnterval,  At,  equal  50  x  10 sec.  The  ini¬ 
tial  conditions  are  x„  =  0,  io  =  0.  All  strains 
and  strain  rates  are  therefore  zero  at  t  a  0. 
The  total  force  on  the  mass  is  zero  and 
the  case  acceleration  is  zero.  The  quan¬ 
tity  Xq  =  gj  -  (fj/m)  is  therefore  also  zero. 
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Fig.  a4  -  Replacement  of  aphere  by  conical  segments 


0  +  S790 


(SO)IO- 


Ajx  °  ^  (S0)10-«  =  (2S)10-*  m. 


e(‘)  =  4.3.'>(25)10-’  =  (1.09)10-3 
=  4.29(25)10-3  =  (1.07)10-3 
e(3)  40(25)10-3  =  (0.600)10-3 


xj  =  3.62  X  10-3  in. 

£(1)  =  4.35(3.62)10-®  =  15.7  X  10-® 

1 

e(3)  -  4.29(3.62)10-®  =  15.5  x  10-® 

t(3)  -  2.40(3.62)10-®  =  8.68  x  10-® 

=  4.35(0.145)  =  0.631  sec-‘ 

£(3)  =  4.29(0.145)  =  0.622  sec-* 

e(3)  =  2.40(0.145)  =  0.348  sec'* 

Reference  to  Fig.  A2  shows  that  the 
stresses  aj®  essentially 

zero.  Therefore  fj  =  0  and  x,  is  calculated 
to  be  xj  =  5j  "  (fj/ra)  =  0.259(4000  g)  = 

1040  g,  quite  different  from  15  g. 


i,  =  0  +  10.0  =  10. 0  -- 

*  sec 

Xj  =  (25)10-3  in. 

e(*)  =  4.35(10.0)  =  43.5  sec"* 

t(3)  =  4.29(10.0)  r  42.9  sec‘* 

t(3)  =  2.40(10.0)  =  24.0  sec-* 

Figure  A1  again  gives  stresses  equal  to 
zero.  Therefore  f  j  =  0  and  jij  =  1040  g, 

X,  .1  10.0  in./sec,  and  xj  =  (25)  10’®  in.  sat¬ 
isfy  all  equations.  The  absolute  acceleration 
of  the  mounted  mass  is  f/m .  For  the  end  of 
the  first  interval,  fi/m  =  0. 

For  the  second  Iriterval,  guess 
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Xj  =  2000  g  =  773,600 

sec* 


X,  =  39.4  +  45. 3  =  84.7  — 
sec 


Aji  =  jOl.OOO  +  773,000  f^s^Q-b  _  39.4  iiL.  *3  =  0.00149  +  0.00310  =  .00459  in. 


A,x  ^  (50)10-«  =  (1.24)10-*  in. 

=  4.35(1.49)10-*  =  (6.48)10-* 
tj*>  =  4.29(1.49)10-*  =  (6.40)10-* 
e<*)  =  2.40(1.49)10-*  =  (3.58)10* 


X.  =  10,0  +  29,4  =  39.4-^ 
*  sec 


Xj  =  (25)10-*  +  (1.24)10-*  =  (1.49)10-*  in. 
=  4.35(39.4)  ^  171  sec-> 

e(2)  =  4.29(39,4)  _  1^9  ,^^-1 

=  2.40(39.4)  =  94.6  sec'* 

Figure  A2  gives  approxlmtitely 

=  10  p,i  o-(*)  =  10  P5i  o.(*)  ^  0 

fj  -  25.5(10)  +  50.9(10  +  25.5(0) 

=  255  *  509  =  764  Jb 


Xj  (calculated)  =  3-  -  -2-  =  2000  - 

m  56 

=  2000  -  14  =  1986  g  =  767,000 

sec' 

This  Is  sufficiently  close  to  the  2000  g 
estimate.  The  absolute  acceleration,  a^,  of 
the  mass  at  the  ond  of  the  second  Interval  Is 

14  g. 

For  the  third  Interval,  estimate 


X,  =  2700  g  =  1,040,000 

2 


A  i  =  (50)  =  45.3  ilL. 

^  sec 


ao  4  X  Q4  7 

<^3*  =  — ^ — 2 - -  (50)10'®  =  0.00310  in. 


«(l)  =  4.35(0.00459)  =  0.0200 
=  4.29(0.00459)  =  0.0197 
£(*>  =  2.40(0.00459)  =  0.0110 


£<*>  =  4.35(84.7)  =  368  sec-* 

=  4.29(84.7)  =  363  sec'* 

£<*?  ^  2.40(84.7)  =  203  sec'* 

From  Flj!;,  A2, 

=  50  pai  =  50  psl  <7^*1  =  25  pfi 

f,  25,5(50)  +  50,9(50)  +  25.5(25) 

=  1200  r  2.550  +  637  =  4467  lb 

X3  (calculated)  =  2830  -  =  28.^0  -  80 

56 

2750  g  =  J, 060, 000  ill:- 
sec* 

This  Is  sufficiently  close  to  the  estimate 
^'f  2700  g. 

For  the  fourth  Interval,  eotlmate 


if,  =  3300  g  =  1,270,000 

sec** 


A,i  (SO)  =  58.3^ 

*  sec 


A4X  =  -  (50)10-«  =  0.00569  in. 

£(*>  =  4.35(0.0103)  =  0.0448 
£.(*'  =  4.29(0.0103)  =  0.0442 
£(*>  =  2.40(0.0103)  r  0.0247 

X,  =  84.7  +  58.3  =  143.0  — 
sec 

=  0.00459  +  0.00569  =  0.0103  in, 

£(*)  =  4.35(143)  =  622  sec-* 

£<*)  =  4.29(143)  =  615  sec"* 

=  2,40(143)  =  343  sec'* 

From  Fig.  A2, 

a(*).160psi  a(*)=lS5psi  <7(3)=50psi 
f,,  =  25.5(160)  +  S0.9(1SS)  +  25.5(50) 

=  4080  +  7900  +  1275  =  13,255  lb 


1 


(calculated)  =  3460  -  — — 

=  3460  -  237  =  3220  g 

Although  tills  is  quite  close  to  the  usumed 
rslue  of  3900  f,  s  secocd  s^roRimotloR  vll! 
be  calculated  tor  llluatratiTe  puriioeen: 

latlmate 

=  3220  g  =  1,240,000  — 
sec' 

.  \.06  +  1.24  --  ^  in. 

V  =  - y - (55)  --  57..' 

::  (50)lo  *  =  0.00567  in. 

X.  =  84.7  +  57. S  =  142  i— 

■*  sec 

=  0.00459  +  0.00567  =  0.0103  in. 


Clearly,  the  accuracy  of  the  IsostresB 
plot  !s  not  sufficient  to  Lndicste  any  dif- 
erence  between  (4  for  this  case  and  the 
previous  (4.  The  calculated  value  of  X4 
la  therefore  3220  g,  the  eatlmLted  value. 

The  calculation  (or  the  remainder  of  the 
time  intervals  proceeds  In  exactly  the  same 
manner.  When  the  calculatiou  has  been 
completed,  the  time  Interval  must  be  re¬ 
duce  and  the  calculation  repeated  to  ueure 
that  the  answer  Is  accurate. 


The  response  fcr  this  problem  le  also 
show.t  In  Fig.  A3.  The  quantity  plotted  is 
B(t),  the  absolute  acceleration  of  the  cush¬ 
ioned  mass.  It  Is  seen  that,  in  this  example, 
the  cushioning  material  amplifies  the  ap¬ 
plied  pulse. 


*  •  * 


SIMPLIFIED  APPROACH  TO  DESIGNING  SHOCK 
ISOLATION  FOR  THE  ROTATIONAL  DROP  TEST* 

Gordon  S.  Muftln^ 

DougU*  Aircralt  Company 
Santa  Monica,  Gali/ornia 


Prevloutly  pu'olithed  pap«ri  (1,2,  3,4)  on  tue  rotational  drop  teat  ap¬ 
pear  tc  b«  analyaea  of  exiitlng  deiigne  or  require  certain  unwarranted 
aeiumptione  concerning  dietributions  of  acceleratlone,  No  aatiafactory 
dealgner’f  approach  to  the  uae  of  nonlinear  cuahioning  materiala  for 
rotatioci.l  drop  teat  cuahioning  haa  been  found  in  the  Literature.  Thia 
papor  aionmaritea  an  approach  found  to  be  uaeful  in  deaigning  with 
ahock  mountaand  covera  an  extenaion  of  the  method  to  tangent  elaaticity. 


THE  ROTATIONAL  DROP  TEST 

Conaldor  Lhe  aituation  ahown  in  acbematlc 
(ortn  In  Fig.  1.  The  plrot  end  la  on  a  block 
hj  inchea  above  the  floor,  and  the  oppoalte 
erj]  la  ralaed  aooe  apec'  .^d  height  h.  Inches 
above  the  floor.  The  deelgner'a  objective  Is 
to  control  the  acceleration,  c^,  some  dis¬ 
tance  Xj  inchea  awa7  from  the  c.g.  or  xj 
Inchea  from  the  pivot  point.  Usually  the 
point  at  which  la  lo  be  controlled  is  the 
Impact  end  of  the  contents.  Natural  fretjuen- 
ciea  of  the  final  design  must  also  be  con¬ 
sidered. 

It  is  reasonable  to  c  that  the  con¬ 
tainer  designer  la  given  maximum  values  of 
acceleration  and  firm  values  on  geometry, 
weight,  and  moments  of  inertia  (or  prefer¬ 
ably  radii  of  gyration)  concerning  the 
contents. 

Height  of  drop  of  the  center  of  gravity  Is 
given  by 


b  the  special  case  where  h,  =  o  (u  for  ex¬ 
ample  Ir.  a  tip  over  test) 


Most  conveniently,  the  approximate  formula 

b  =  T7  hj  (3) 

is  sound  for  preliminary  design.  Both  Eqs. 
(1)  and  (2)  require  assumptions  concerning 
a  specific  value  of  y,.  xj  can  be  most  con¬ 
veniently  determined  quite  accurately  by 
designing  for  the  end  Impact  condition  first. 
(This  litter  is  almost  mandatory  for  cushion 
packs.) 

THE  RATIO  M 

Use  of  the  energy  method  leads  to  an  ex¬ 
pression  for  the  ratio  uf  total  deflection  at 
the  end  to  translational  deflection  normal  to 
the  base  at  the  center  of  gravity  which,  for 
convenience.  Is  dubbed  M; 


♦This  paper  was  not  presented  at  the  Symposium. 

TCurrent  Address:  Reed  Research,  Inc.,  1048  Potomac  Street,  N.  W.,  Washington  7,  D.  C. 


Fig.  1  -  The  rotationel  drop  teit 


*3  ^ 


,i/5£ 
1  r  E,  K, 


deBlgner'a  llmiU  on  tbe  v&lue  of  H  (or  a 
ajMciflc  object  u 


=  1  +  X  -  lec  d 


‘Vr/k, 


(4) 


where 

K.J.  B  transLitional  spring;  rate, 

Kj  B  rotational  spring;  rate. 

In  the  epeclal  case  where  three-foW  sym¬ 
metry  can  be  obtained  (and  note  that  the 
aigner  is  almost  Invariably  forced  to  at  least 
two-told  symmetry  to  achieve  the  pleasing 
?q}pearance  of  the  contents  riding  level),  the 
ratio  Kj/K.f  =  and  Eq.  (4)  becomes 


This  special  case  teaches  certain  prac¬ 
tical  limits  tc  the  value  of  M .  Thus  x,  will 
rarely  exceed  Xj  because  excessive  cube 
would  be  lost.  Similarly,  limited  experience 
indicates  that  rotational  natural  frequency 
becomes  very  low  when  x,  is  less  than 
(1/3)  Rj.  Hence,  we  can  write  practical 


1  +  ^  i  ^  1  +  3  .  (6) 

X,  Xj 

which  limits  may  be  expected  to  remain  rea¬ 
sonably  valid  regardlsM  of  types  of  sym¬ 
metry  bivolved  in  the  final  design.  An  evet 
rougher  approximation  of  the  range  of  M  Is 
to  state  that  its  most  probable  value  lies  be¬ 
tween  l.ttf  and  4.0.  Note  particularly  that 
the  limits  of  ii  derived  above  are  Independ¬ 
ent  of  drop  height,  spring  rate,  or  allowable 
acceleration. 


USE  OF  M  WITH  SHOCK  MOUNTS 

Total  required  deflection  at  the  end  can 
be  estimated  by 


d 


T 


(7) 


where 

h'  =  h'  +  ^2*  =  +  *1*  +  y^ 


Note  that  an  esiimue  of  the  value  of  is 
requi'  :d.  This  value  is  made  up  of  components 


from  the  container,  the  contente,  and  an  al- 
lowance  for  movement  of  the  Item,  Since 

fefSn  S'*  large  numbera 

Mtlmation  la  not  eBBeatlal.  A  useful  prelim - 
^  tchieved  by  con- 

•1  Jrlne  the  drop  u  a  flat  drop  with  an 
erbltrary  additioual  allowaace.  IT  found 


=  riM* , 


(8) 


where 


7  =  — y  for  linear  elasticity, 


*1 

a  =  -I7  f  h  . 

s  ^ 


r  and  y  are  constants  for  the  problem.  A 
cf  L  la  available  through  vtrlailon  in 
H.  Se  wt  stock  m(^ts  fitting  the  range,  solv, 
a<l.  (8)  for  i:  and,  If  three-fold  symmetry  is 
possible,  solve  Eq.  (5)  for  if  net  possible, 
Mlt«  *q.  (4)  for  and  proceed  by  trial 
error  on  the  bssla  of  knavs;  cr  feasible 
ocfseii, 


^0  of  translational  acceleraUon  normal 
to  base  to  total  acceleration  at  the  end  Is 
given  oy 


/3M. 


(9) 


where 


Xi 

~  sec 


vntural  frequencies  are  given  by 


Vertical: 

K  --  3.13}^ 

(10) 

Rotational: 

f  rlll/Zr 
'r  Ri  r  k.^  ' 

(11) 

For  three-fold 
to 

symmetry  Eq.  (11)  Bimpllfles 

(12) 

^d,  all  tilings  ^caring  saiisfaetory,  the 
design  Is  complete. 


to  the  proltiam  ecumarated  by  OoodlU  (8)  in 
^  Ckiidsd  IClaaUc  Haadbook.  1  was  found 
tot^T  ctMld  vary  iwtwtan  4850  Ib/ln.  and 

21,000  Ib/ln.  To  make  the  problem  the 

same,  It  was  then  aaoumad  tkat  the  only 
■tock  mounts  avallabls  gave  i-  ■  9070  Ib/ln. 
The  results  are  summarlaed  in  Table  1. 


Note  that  tkjre  are  dtffarencas  bttwean 
the  tw  approaches  but  most  are  attributable 
to  inherent  aUde-rule  error.  The  appeal  ot 
the  method  outlined  here  la  its  opaad  and 
flexibility. 


TABLl  1 

Comparison  of  ?rellmlnai7  Values 
to  a  Specific  Design  Prdilam 


1 - 

fODodUl 

jlhi* 

•ace 

Maximum  Deflec- 

r 

I  Uoa,  In. 
Deflection  at 

4.11 

’ 

Mount,  to. 
Deflection  at  c.g 

9.44 

8.41 

o,u 

In. 

l.BL 

9L5 

1,51 

V.0S 

Mount  Spacing,  in. 
Acceleration  at 

310 

l.t 

e  g.,  g. 

Vertical  Natural 

laa 

11 J 

1.1 

Frequency,  epe 
Rointional  Natural 

«.n 

♦ 

0 

Frequency,  cps 

>.««  1 

44T 

0J9 

MIHDLIN  vs  JANSSEN 

If  the  same  simple  technique  found  for 
Itoear  elasticity  could  oe  anpUed  to  c^^talr 
ctosses  of  nonllnmir  elaatl^ty,  de^li:‘w;;;i‘, 
be  greatly  simplified.  Before  entering  Into 
jm  ansuvsls  of  the  rotational  drop,  however 
li  -5  expedient  to  compare  the  two  main  ’ 
Svreams  of  cushioning  theory  to  demonatrati 
their  close  relationship.  For  simplicity,  tla 
comparison  will  bs  made  by  using  the  fiat 
drop  test  first.  The  comparison  established 
we  wil.  proceed  to  the  rotational  drop,  • 

’"S  T  f  MlndUn's  classic 

paper  (5)  deals  with  specific  Initial  snrina 
rates  of  materials.  From  this  ha  derives 
an  ejqsresslon  of  the  optimum  Initial  stiff¬ 
ness.  Janssen,  ip  effect,  deals  with  another 
cnaracteristic  (called  Jopt)  of  the  stress- 
strain  curve  cl  a  material,  at  which  toe 


m 


ener^  stress  ratio  is  minimised.  It  has 
been  clear  (or  some  time  that  tbe  two  work¬ 
ers  were  talking  about  two  different  proper¬ 
ties  of  the  same  load-deflection  (stress- 
strain)  curve.  What  has  been  lacking^ 
heretofore,  is  a  clear  bridge  between  the 
two  techniques. 


w  =  weight,  lb 

h  «  height  of  drop,  in. 

In  an  extensive  analysis,  Yurei>ka  and 
OhuobLie  (7)  have  shown  that  always  oc¬ 
curs  (it  .707  tit  tangential  ma&rlals.* 


To  illustrate,  lUndlln  states  that  aiini- 
mum  bottoming  deflection,  ,  in  tangent 
elasticity  is  given  by 

.  3.9h 

=  (18) 


Janssen's  theory.  In  its  latest  developments 
(6),  states  that  minimum  thickness  is  given 
by 


T  = 


(14) 


where  c  is  tho  cushion  (actor.  *  Now,  if  we 
set  •(,  as  the  bottoming  stress  in  a  given 
material,  it  is  obvious  that 


T 


3.9  h  Ch 


(1») 


Of  course,  the  bridge  is  not  clear  yet 
since  there  are  no  readily  available  data 
concerning  the  bottoming  stresses  of  cush¬ 
ioning  materials.  Iqnstlon  (IS)  only  indi¬ 
cates  that  there  la  n  bridge,  not  its  di¬ 
mensions. 


Prom  this,  we  obtain 


T  _Ch  J.75  h  Sh 

^  “SI'TSTT  =  CT’ 


.55  .  'o  1.557rh  5.131  h 

y  =  T  ■ 


AT*  I 


AT* 


,  2.83ih  5.13Wh 


(H) 


that 


In  tangent  elasticity,  it  has  been  shown 


where 

d.  >  actual  deflection, 
dj,  ■  bottoming  denecUon, 


Miadlln'e  equation  for  tangent  elasticity 
can  lie  written  in  the  form 


I 

y 


"fo 


2T 


3.1Wh 

AT*  .  *  (16) 

D 


f  ■  riUo  d^db,  l.e.,  the  '!MlecUoQ  which 
would  occur  if  iniUal  spring  rate  re¬ 
mained  constant  to  the  bottoming 
deflection  of  that  material  with  the 
same  spring  rate. 


Since 


where 

y'  =  initial  stiffness,  lb/ln.3 

rt^imum  Lnitia!  .spring  rate,  Ib/ln. 

A  =  ai'ea  of  cushion,  ln.2 

fg  »  optimum  etress,  psi  (Janssen's 
Jopt) 


m 


The  value  of  dyd^  for  optimum  initial 
spring  rate,  IxiltiU  stiffness  parameter  or 
best  value  Is  given  by 


T  =»  thickness,  in. 

So  »  optimum  strain,  in. /in. 
Sb  =  bottoming  strain,  in. /in. 


s  =  V^=C.803,  (20) 

and  the  value  of  z  for  any  stiffness  parame¬ 
ter  differing  from  the  optimum  value  will  be 
given  by 


♦Cushion  factor  as  defined  by  Jcassen  is  the 
ratio  of  stress  to  energy  per  unit  volume. 


♦For  tho  equally  common  algebraic  elasticity, 
they  have  shown  =  68.4%. 
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I  =  .80^^Y  ^  '8031/^=  .803yy  . 

where  K,  y,  aad  f  are  the  significant  stiff¬ 
ness  parameters  of  the  material  actually 
used. 

Now,  Mlndlln's  x'  is  defined  optimum 
in  a  restricted  sense,  i.e.,  as  the  Initial 
spring  rate  using  as  much  of  the  aTillable 
space  as  feasible  without  encountering  ez- 
cessire  multiplication  of  acceleration  from 
the  effects  of  bottoming.  R  is  ob?loug  that, 
once  thickness  is  fixed  by  some  means,  it  is 
not  essential  that  only  K'  material  be  used. 
For  example,  a  material  with  considerably 
greater  stiffness  parameter  could  bs  used 
with  the  logical  limit  being  the  initial  stiff¬ 
ness  which  would  cause  the  material  tc 
behave  as  though  It  were  linear  throughout 
the  range  of  deflection  required.  Simple 
rearrangement  produces 


any  particular  computing  procedure  he  finds 
convenient  and  can  shift  from  one  basis  to 
another  at  will.  Table  2  summarizes  the 
design  formulas  Involved. 


ROTATIONAL  DROP  WITH 
TANfflINT  ELASTICiTY 

Having  shown  the  relationship  between 
Mlndlln's  methods  and  iiie  methods  based  on 
Janssen's  technlipie,  we  are  now  in  a  position 
to  proceed  to  the  rotational  dn^  test.  The 
arjdogy  with  the  rotational  drop  with  linear 
eLsticity  is  clear.  Hence,  using  Mlndlin's 
notation,  we  may  write 

2 


=  >  (24) 


C,-  =  2-'»5  (K'y‘>  f.)-  (22) 

When  z  >  1.0,  la  twice  what  it  would 
be  (or  linear  elaisticity  of  the  same  initial 
spring  rate.  Above  z  -  1.0  the  multiplica¬ 
tion  (actor  rives  so  rapidly  as  to  be  defi¬ 
nitely  unwise  10  use  considering  material 
variation.  Again,  simple  rearrai^ment 
produces 


Cn-  y-i..  =  (23) 


Thus,  for  a  given  problem,  an  envelope  of 
materials  is  deflneii  by  fiolutiori  of  Eqs.  (17), 
(22),  and  (28).  The  designer  is  free  to  use 


Limits  of  initial  stiffness  are  given  by 
Eqs.  (22)  and  (23).  Basis  shifting  to  the 
Janssen  methc^  is  glvrm  by  Table  3.  The 
value  of  2  can  then  be  taken  from  Eq.  (21). 
Ratio  of  end  deflection  to  c.g.  deflecUen  nor¬ 
mal  to  the  base  can  then  be  estimated  by  re¬ 
arranging  the  first  of  Eqs.  (19)  to  give 


TABLE  2 

Design  Formulas  for  Flat  Drop  with  Tangent  Elasticity 


Cushions 

Quantity 

Mounts 

Basic  Method 

short  Cut 
^roximatio" 

Bottoming  deflection,  d,. 

3.9  h 

n 

— 

Minimum  thickness,  T 

.707  db 

"b 

2.75  h 

n  0 

5h 

Optimum  initial  stiffness 

,,,  _  3.1  Wh 

"0  j  2 

“b 

,  l.SSWh 
^  ■  AT* 

0 

,  _  5.13Wh 
^  "  A  T* 

Best  optimum  stress, 

— 

2.82Wh 

5.13Wh 

A  T 

83 


TABLE  3 

Design  Formulas  for  Rotational  Drop  Test  with  Tangent  Elasticity 


Quantity 

Mounts 

Cushions 

Basic  Method 

First 

Approximation 

Bottoming  deflection, 

,  J 

3.9  h  ’*2 

“ 

— 

Minimum  thickness,  T 

.707 

2.75h  ’‘2^ 

5h  ^2 

'o 

R3^ 

Optimum  Initial  stiffness 

y'  :  yaM^ 

y'  = 

3.1 

1.55 

S.!3 

AT^  s  ^ 

0 

A 

Best  optimum  stress, 

“ 

■yaM^ 

y  aM^ 

y 

— 

2.82 

m; 

5.13 

AT 

While  the  answers  to  Eq.  ("5)  can  be  ob¬ 
tained  with  a  log-log  slide  rule,  Fig.  2  plots 
this  function  for  several  values  oi  z .  Simi¬ 
larly,  the  second  of  Eqs.  (18)  can  be  modi¬ 
fied  to  express  acceleration  ratios  as 


s  versus  M  (or  several  values  of  z  is  plotted 
in  Fig.  3. 

An  estimate  of  natural  frequencies  for 
small  excursions  is  then  (Stained  by  using 
Eqs.  (10)  and  (ii).  Equation  (10)  can  be 
rewritten  as 


(27) 


where  f,  =  static  stress  on  the  cushion. 


DISCUSSION 

The  preceding  section  gives  a  design  method 
applicable  to  tangent  elasticity.  As  noted,  it  Is 
approximately  accurate  for  algebraic  elasticity. 

The  method  shows  that  a  rather  wide  range 
of  cushioning  materials  is  usable  to  solve  a 
specific  design  problem.  Since  drift,  perma¬ 
nent  set  and  static  deflection  are  usually  pro¬ 
portional  to  stiffness,  it  is  usually  better  to 
work  towards  the  stiffer  allowables  insofar 
as  economically  feasible. 

In  actual  practice  with  cushioned  packs,  an 
uncoupled  system  seems  extremely  unlikely. 
Further,  in  large  containers,  thickness  and 
area  on  ends  and  tops  are  often  entirely  dif¬ 
ferent  from  bottom  thicknesses  and  areas  be¬ 
cause  of  differing  test  conditions  and  the  lesser 
energy  involved  In  relxAind.  Top  and  end  cush¬ 
ions  must,  of  course,  be  used  in  determining 
rotational  spring  rates  and,  therefore,  estima¬ 
tion  cf  accelerations,  etc.,  requires  one  or  two 
successive  approximations.  Nevertheless,  the 
method  still  offers  a  practical  plan  of  attack 
on  an  otherwise  very  difficult  problem. 
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TEST  METHODS  AND 
TECHNIQUES 


THE  REVERSE-ACTION  SHOCK¬ 
TESTING  METHOD 


J.  W.  Apgar  and  G.  R.  Thomson 
Development  and  Proof  Services 
Aberdeen  Proving  Ground,  Maryland 


A  versatile  shock-testing  method  has  been  developed  in  which  a  de¬ 
flected  structural  member,  such  as  a  cantilever,  is  suddenly  released. 
At  the  bottom  of  the  second  quarter  cycle,  the  object  being  tested  is 
disconnected.  Selection  of  pulse  duration  is  flexible,  and  the  device  can 
be  designed  for  testing  large  items. 


DEVELOPMENT 

In  the  spring  at  1959,  Development  and 
Proof  Services,  of  Aberdeen  Proving  Ground, 
conducted  hlgh-g  low-frequency  tests  on 
crystal  accelerometers.  Greater  than  2000  g 
were  achieved  at  frequencies  below  500  cps 
by  means  of  a  2  x  3 -Inch  cantilever  beam  of 
4140  steel  heat-treaiced  to  a  C-45  Rockwell 
hardness.  A  universal  testing  machine  with 
an  upper  range  of  600,000  pounds  was  used 
to  provide  both  a  massive  base  and  a  large 
clamping  force  for  the  fixed  cantilever  end. 
Originally,  the  clamping  force  was  distrib¬ 
uted  through  two,  large,  rectangular,  steel 
blocks  over  a  foot  of  the  cantilever  bar.  Py 
use  of  this  bar  the  length  of  the  cantilever 
could  be  varied  between  8  and  16  Inches. 

Tests  conducted  at  the  lO-inch  length  indi¬ 
cated  a  fundamental  frequency  26  percent 
below  that  calculated  from  tlie  formula 

f  3.515 

where  f  »  frequency, 

E  =  Young's  modulus  of  elasticity, 

I  =  moment  of  inertia, 
w  =  weight  per  unit  length, 

1  =  length  of  cantilever. 

At  first  this  rather  startling  difference 
was  attributed  to  tiie  fixed-end  conditions  of 


the  bar.  A  fixture  was  built  to  distribute  the 
clamping  force  m'er  four  sides  of  the  beam. 
The  design,  as  shovn  in  Fig,  I,  provided  an 
Internal  space  around  the  beam  Into  which 
could  be  inserted  a  filler  to  distribute  the 
force.  A  2  X  4  X  36-inch  beam,  also  of  4140 
steel  heat- treated  to  a  Rockwell  hardness  of 
C-45,  was  fiibricated  for  the  new  fixture. 
Tests  on  the  new  cantilever,  conducted  under 
the  same  conditions  as  those  on  the  old, 
revealed  a  fundamental  frequency  15  percent 
below  tl)at  calculated.  These  differences  for 
the  two  beams  are  shown  in  Table  1  for  a 
10-inch  cantilever  length. 


TABLE  1 

Calculated  vs  Ej5)erlmental 
Fundamental  Frequencies 


Beam 

(in.) 

Fundamental 

Experimentally 

Determined 

(cps) 

- -  , 

Fundamental 

Calculated 

(cps) 

Dif¬ 

fer¬ 

ence 

(%) 

2  X  3 

475 

645 

26 

2x4 

550 

645 

15 

Other  tests  followed  in  which  lead  and  then 
rubber  were  used  as  fillers.  Clamping 
forces  from  1000  to  10,000  psi  were  applied. 
In  no  case  was  the  fundamental  frequency  of 


SIDE 


END 


Fig.  1  -  End  conitrictlng  fixture 
variable  length  cantilever  bc?>m 


the  beam  appreciably  altered.  Ae  might  be 
expected,  the  damping  of  the  beam  was 
somewhat  affected  by  the  end  conditions.  In 
spite  of  being  completely  constrained,  rubber 
end  lead  each  exerted  an  Influence  on  the 
damping  factor,  with  rubber  exerting  the 
most  The  damping  factor  also  decreased 
slightly  with  Increase  in  clamping  load  In  the 
range  from  1000  to  8000  psl.  Beyond  this 
point,  change  in  load  seemed  to  have  little 
effect  Figure  «  and  Table  2  show  the  influ¬ 
ence  of  these  end  conditions. 


SHOCK  TESTING 

Although  we  didn't  account  fer  the  differ¬ 
ences  between  fundamental  frwiuencies  de¬ 
termined  theoretically  and  those  determined 
e:q)crlmentally,  ws  did  build  fixhiree,  de- 
ve1(9  techniques,  and  establish  conditions 
which  could  be  used  In  shock  tests.  The  need 
for  a  ^Mclllc  l3fpe  of  shock-testing  machine 
arose  when  we  were  asked  last  August  to 
shock  test  a  number  of  tank  periscopes  In 
accordance  with  methods  described  in 
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TABLE  2 

Damping  Factors  for  Various 
Clamping  Materials 


Clamping 

Material 

Damping 

Factor 

Steel 

0.033 

Lead 

0.048 

Rubber 

0,078 

specification  JAN-8-44.  Although  we  lacked 
the  equipment  described,  we  were  able  to  uee 
our  cantilever  setw  to  produce  Cte  desired 
shocks.  The  requesting  group  asked  for  a 
peak  shock  of  130  g  during  a  pulse  oi  approx¬ 
imately  7  ms.  If  tl:»  pulse  ie  converted  to 
freouency,  the  approximate  lengUi  of  the  can¬ 
tilever  can  be  determined  frcn  the  formula 


.tEIO 


/w  +  wl\  ' 

140  ' 


where  k  r  weight  oi  test  Item  plus  holding 
fixture,  This  length  thesi  ':an  be  experimen¬ 
tally  adjusted  to  provide  the  desired  fje- 
quency.  A  7-ras  imisc  corresponds  to  a 
7C-cps  frequency,  and  IM  g  corresponds  to 
a  0.3-lnch  amplitude  at  this  frequency.  Ttais, 
if  the  cantilever  is  properly  adjusted  for 
length,  deflected  0.3  inch,  and  suddenly 
released,  an  object  represented  by  w  should 
undergo  a  150-g  peak  acceleration.  Our 
previous  work  has  produced  a  sudden-release 
method,  which  Is  Indicated  in  Fig.  3.  This 
involved  attaching  a  bolt  to  the  free  end  of 
the  cantilever  and  linking  the  bolt  to  a 
strain-gaged  drawbar.  The  drawbar  In  turn 
extended  through  a  hollow  jack  and  teriiil- 
naied  iji  a  nut  which  served  as  a  Jacking  sur¬ 
face.  The  hollow  Jack  was  .supported  by  two 
12-tnch  I-beams  which  were  fixed  to  the  uni¬ 
versal  testing  machine.  With  this  arrange¬ 
ment,  the  di’awbar  could  be  Jacked  until  the 
bolt  broke.  If  measurements  of  drawbar 
strain  vs  cantilever  deflection  had  been 
made,  Uien  an  oscillograph- recording  strain 
would  have  revealed  the  deflection  of  the 
cantilever  at  the  time  that  the  bolt  broke. 

The  cantilever  thus  set  in  motion  would  have 
produced  an  acceleration  trace  of  the  form 
shown  in  Fig.  4a. 


To  prevent  the  object  under  test  from 
being  subjected  to  all  the  pulses  shown,  a 


Fig.  3  -  Setup  for  cantilever 
beam  shock  test 


i 


Fig.  4  -  Acceleration  vs  time  curves  (a) 
Transient  cantilever  vibration  decay,  (b) 
Typical  pulse  of  cantilever  shock  device, 
(c)  Typical  pulse  of  JAN-S-44  shock  device 


second  quick  release  was  required.  This 
second  release  was  accomplished  by  a 
method  similar  to  that  of  the  first.  A  test 
object  undergoing  the  acceleration  (Indicated 
by  the  trace  between  points  1  and  2  in  Figs. 
4a  and  4b)  will  exert  a  stefidily  decreasing 
upward  force  during  the  first  quarter  cycle 
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and  a  steadl'y  Increablng  downward  force 
during  the  second  quarter  cycle.  The  maxi¬ 
mum  downward  force  will  never  equal  the 
Initial  upward  force  because  of  the  hysteresis 
In  the  system.  If  the  bolt  holding  the  test 
object  is  sufficiently  weaker  than  the  draw¬ 
bar  bolt,  it  will  be  ruptured  by  the  downward 
force,  and  the  test  object  will  drop  under 
conditions  approaching  free  fall.  There  are 
certain  Inherent  advantages  io  this  method. 

If  the  acceleration  pulse  thus  obtained  (Fig. 
4(b))  Is  compared  with  that  obtained  by  the 
JAN-S-44  method  (Fig.  4(c)),  it  is  evident 
that  they  both  represent  the  same  amount  of 
energy.  Under  the  JAN-8-44  conditions, 
however,  the  shock  Is  urldlractional  and, 
depending  on  the  mounting  cl  the  test  item, 
can  produce  either  compression  or  tension 
failures  but  not  In  the  same  test.  Under  the 
conditions  of  the  cantilever  tests,  the  test 
item  is  exposed  to  shock  successively  in 
opposing  directions  and  therefore  can  pro¬ 
duce  compression  and  tension  failures  in  the 
same  test  li  desired,  the  i  everoai  shock 
can  be  greatly  reduced  by  making  the  holding 
arrangement  of  comparatively  elastic  mate¬ 
rial  Another  advantage  of  this  system  is 
that  the  teeter  hae  a  wide  range  for  pulse 
selection  b/  the  change,  individually  or  col¬ 
lectively,  of  cantilever  length  and  test  mass. 

In  this  system,  it  was  necessary  to  know 
the  breaking  stren^i  of  the  h.-itts  used  to 
control  the  applied  .  Ursaklng  s'^rengih 
of  ordinary  Imlts  could  be  escimatcd  to  an 
accuracy  ^  ±5  percent  by  hardness  checks. 
These  accuracies  coiTd  ^  much  Improved 
through  the  use  of  bolts  made  of  4130  or  4140 
steel.  Later  tests  have  indicated  that  the 
values  estimated  were  within  ±1  percent  of 
the  tensile  values  In  all  cases,  the  bolts 
were  heat  treated  to  produce  brittle  fiacture. 
As  a  rule  of  thumb,  the  bolts  releasing  the 
test  specimen  were  selected  to  have  a 
strength  equal  to  one  half  the  value  calculated 
from  tlie  formula 

F  =  WAg  , 

where  F  is  the  downward  force,  w  is  the 
weight  of  the  test  assembly,  and  As  is  the 
maximum  acceleration  in  g's.  Consequently, 
the  test  Items  were  released  with  a  small 
downward  tlirust.  By  determining  the  canti¬ 
lever  damping  factor  ,  bolts  strong  enough  to 
practically  eliminate  this  thrust  could  be 
selected.  As  pointed  out  previously,  this 
damping  factor  could  be  minimized  by  apply¬ 
ing  damping  pressures  of  6000  psi  at  the 
fixed  beam  end. 


OTHER  CAPABILITIES 

In  addition  to  the  properties  previously 
listed,  this  testing  device  has  the  following 
other  capabilities,  ft  can  be  used  to  apply 
shock  In  three  planes  If  the  mounting  posi¬ 
tion  of  the  test  Item  is  changed  with  respect 
to  tlie  cantilever.  It  is  also  possible  to 
mount  the  cantilever  so  that  Its  plane  of  ac¬ 
tion  Is  horizontal.  In  the  latter  way  gravita¬ 
tional  effects  can  be  neutralized.  With  this 
device  items  weighing  up  to  100  pounds  can 
be  accelerated  up  to  100  g,  and  items  weigh¬ 
ing  less  than  1  pound  can  be  accelerated  up 
to  2000  g.  The  bolt-fracture  release  method 
suggests  itself  as  a  tool  for  the  study  of  the 
behavior  of  materials  under  Impulsive  loads. 
A  small  tensile  specimen  could  be  substi¬ 
tuted  for  the  release  bolt  By  selecUcHi  of 
cantilever  conditions,  the  duration  of  the 
fracturing  pulse  could  bo  celected  In  thie 
way,  the  breaking  strongths  of  materiels 
could  be  determined  under  dynamic  condi¬ 
tions. 

In  conclusion,  it  should  be  stated  that 
both  larger  and  dilfsrent  structural  mem¬ 
bers  can  be  used  to  achieve  shock  in  this 
manner.  The  elastic  system  could  be  a 
simple  or  fixed  beam  or  a  spring  to  which 
the  deflection  release ^’Cii>alaaUon  could 
be  applied  «  oiiows  an  arrangement 

In  there  is  a  beam  fixed  at  both  ends 
and  a  platform  In  the  middle.  Thlc  setup 
will  be  InveuiigateU  In  the  near  future.  An 
ad;antage  that  the  fixsd-end  beam  should 
have  over  the  cantilever  is  that  the  test  Item 
should  travel  in  a  straight  line  inetcad  of  in 
a  slight  arc.  By  proper  pre^ortionbg  of  the 
structional  members,  it  should  be  possible 
to  build  a  device  to  test  more  massive  items. 
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We  are  now  investigating  the  feasibility  of 
utilizing  this  method  for  the  shock  testing 
of  items  weighing  up  to  2000  pounds. 


SUMMARY 

1.  Fundaments!  frequencies  (rf  a  2  x  j  x 
10-Inch  ant!  a  2  x  4  x  IC-inch  cantilever 
determined  experimentally  were  26  percent 
and  15  percent  lower,  respectively,  than 
tliose  determined  theoretically. 

2.  Distributing  the  clamping  pressure 
over  four  sides  of  a  2  x  4  x  10-lnch  canti¬ 
lever  beam  had  no  am)reciable  affect  upon 
its  fundamental  fiequency. 

3.  Lead  and  rubber  under  conditions  of 
total  constraint  at  Lhe  base  of  the  cantilever 
appreciably  Increase  the  cantilever  damping 
factor. 

4.  Increasing  the  clamping  force  de¬ 
creased  the  damping  factor  asymptotically. 
Above  a  force  of  6000  psl  the  affect  was  not 
appreciable. 

5.  A  shock-testing  method  was  developed 
from  this  work  In  which  a  deflected  struc¬ 
tural  member,  such  as  a  cantilever,  was 
suddenly  released.  At  the  bottom  of  the 
second  quarter  cycle,  the  object  being  tested 


disconnected.  Accelerations  c^pcsite  to  the 
initial  provided  the  disconnecting  action. 

6.  This  method  provides  great  flexibility 
for  selection  of  pulse  duration. 

7.  Breaking  strengths  of  ordinary  bolts 
used  to  obtain  quick  releases  can  be  esti¬ 
mated  to  within  ±5  percent  by  hardMas 
checks.  This  accuracy  can  Im  much  Improved 
through  use  of  bolts  made  of  4130  or  4140 
steel. 

8.  Shock  so  applied  can  be  used  to  pro¬ 
duce  compression  and  tension  failures  in  a 
single  tost.  If  desired,  the  reversal  shock 
can  be  minimised. 

9.  TMs  method  can  be  used  to  apply  shock 
In  three  mutually  perpendicular  olanes. 

10.  Other  stractural  members,  such  as 
simple  or  fixed-end  beams  and  springs,  can 
be  used  to  achieve  this  type  of  shock. 

11.  This  device  con  be  designed  for 
shock  testing  of  large  Items. 

12.  The  bolt-fracture  release  method 
could  be  used  for  the  determination  of 
strengths  of  materials  under  controUed 
dynamic  conditions. 

13.  Unidirectional  shock  can  be  approached 
by  making  the  holding  arrangement  for  the 
test  object  of  comparatively  elastic  material. 


BIBLIOGRAPHY 

1.  W.  T.  Thomson,  Mechanical  VibraUone,  3.  R  Middleton,  VlbraUon  Nctebook,  M.  B. 

Prentice  Hall,  Inc.,  1963.  Co.  Publications,  April  195ir 

2.  T.  H.  E  Plan,  Random  Vibration  (S.  E 
Crandall,  Ed,),  Technology  Press  of  M,LT. 

Ch.  5. 


DISCUSSION 


Dr,  Mains  (General  Electric):  I  would 
like  to  inquire  what  partlcularTeason  you 
had  for  wanting  to  stop  at  the  end  of  the  first 
downward  cycle  ? 

Mr.  Apgar:  Well,  there  was  no  basic 
reason,  except  that  we  were  trying  to  pro¬ 
duce  a  pulse  similar  to  what  tiie  requesting 
group  asked  for;  and  we  had  this  equlpme-m 
already  at  hand,  it  enabled  us  to  produce  a 


shock  pulse  which  satisfied  our  requesting 
agency. 

Dr.  Mains:  You  see,  I  tiad  an  ulterior 
mc'Uve  for  asking  this  quesUon.  The  JAN 
spec,  with  i,;':  half  sine  pu].6e,  is  tailored  to 
auit  a  particular  kind  of  testing  machine, 
not  necessarily  to  suit  the  kind  of  excitation 
that  you  would  like  to  simulate. 
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Mr.  Apgar:  Right 

Dr  MiUna:  Now,  you  have  here  a  device 
whlcR'car.  come  a  lot  cloiier  to  simulating 
the  shock  pulse  that  is  wasted  than  a  aand> 
drq)  tester  can.  This  is  the  time  to  go  to 
bat  and  aak  for  a  waivei^  on  the  JAN  qiec  in 
favor  of  a  much  better  test  that  you  can  pro^ 
rhice  arlth  your  damped  sinusoid  shock. 

ito.  Aiyar:  Well,  this  was  iny  feeling  to- 
ward  the  device,  but,  as  I  say,  1  am  a  tester, 
not  one  who  works  up  the  q)ecs. 

Mr.  fltera  (General  Electric):  At  the  be- 
ginslng  oi  the  talk  you  mentioned  the  caicu- 
lalion  vof  a  natural  frequency  of  the  cantile¬ 
vered  beam,  and  you  Indicated  that  the 
observed  as  against  the  calculated  valuee 
disagreed  appreciably.  Then  you  had  two 
formulas-you  discussed  only  the  first  one, 
for  the  simple  c^ntllevsr  beam.  Then  you 
had  a  second  formula  wlilch  took  into  account 
the  weight,  is  that  right? 

Mr.  ^gar:  Yes,  that's  true.  Now,  ai  I 
said  in  the  Initial  piirt  of  the  talk,  there  was 
no  weight  attached  to  the  cantilever,  merely 
the  accelerometer.  Actually,  we  had  no 
holding  device.  We  also  made  calculations 
to  show  what  amount  of  weight  would  be  taken 
into  account  by  the  accelerometer.  We  were 
really  straiiil^. 

Mr.  Stem:  It  eeemed  that  nowhere  in 
your  diecuseion  did  you  take  into  account 
■hear  and  rotary  Inertia— and  you  had  a 
rather  stubby  cantilevered  beam  there. 

Mr.  Apgar:  Right 

Mr.  Stem:  There  is  a  book  out  by  Jacob- 
Gon'and  Ayre  which  has  two  plote  in  it,  one 
for  cantilevered  beams  and  one  for  slrnply 
supported  beams,  and  they  show  you  what  is 
the  ccrrectlc.”.  for  shear  and  rotary  inertia 
in  stubby  beams.  If  you  use  this.  It  mig-ht 
show  you  why  you  had  this  discrepancy. 
Perhaps  the  second  formula,  even  though 
you  to^  into  account  the  weight,  did  not 
cover  everything. 

For  tee  other  point  yen  mentioned,  oreak- 
teg  the  bolt,  you  might  want  to  try  a  device 
(I  think  it's  J.  C.  Fisher’s,  from  NOL).  Ke 
used  this  in  an  air  gun  to  release  a  piston 
where  you  have  a  bolt  with  a  V-groove  in  it. 
Hie  device  is  hit  with  a  hammer  when  the 
desired  load  is  reached,  then  the  breaking 
load  can  be  controlled  much  more  accurately. 


Apgar:  Well,  I  thought  that,  actually, 
with  the  boltlieat -treated  for  brittle  fracture, 
±1  percent  wasn't  too  bad  for  this  type  of  op¬ 
eration. 

Mr.  Stern:  No,  it  isn't,  but  sometimes  it 
doesn't  always  break,  oven  with  1  percent 
Sometimes  it  won't  always  break  exactly 
where  you'd  want  It;  hut  when  you  have  a 
V-groove  it  will. 

Mr.  Apgar:  I  might  say  that  we  did  notch 
our  bolt.o  to  give  us  exactly  what  we  wanted, 
and  we  checked  many  bolts  beforehand  to  be 
sure  teat  this  would  be  so.  We  also  have  a 
final  judgment  because  we  can  look  at  our 
osclliograph  and  see  exactly  what  the  deCec- 
tloD  of  the  cantilever  was  at  the  time  that 
the  bolt  broke.  I  might  say  teat  In  almost 
all  our  tests  we  didn't  find  tco  much  to  worry 
about 

Mr.  Jones  (Army  Ballistic  Missile  Agency) 
In  jhg.  5  you  showed  a  ciamped-clampeo 
beam.  Because  one  cf  your  problams  wao 
clamping  force  you  used  the  big  machine, 
and  you  probaMy  still  had  a  terrific  clamp¬ 
ing  force  necessary.  I  wondered  why  you 
didn't  use  a  hinged-hinged  beam. 

Ml'.  Apgar;  Well,  we  have  had  Just  enough 
time  to  play  around  with  tea  cantllWer.  1 
might  say  that  one  could  play  around  with 
this  thing  exhaustively.  We  are  primarily  a 
testing  a]{ency)  but  I  would  certainly  love  to 
have  the  time  to  explore  all  the  ditterent 
possibllltios  - 

Mr.  Joiiws:  Oh,  I  wasn't  trying  to  mtke 
any  accusations.  I  was  merely  asking  if 
there  is  Bnyt).\teg  wrong  wlte  a  hinged-hinged 
beam. 

Mr.  Apgar:  Well,  I  can't  see  anything 
at  all  wrong  wit),  it.  I  merely  showed  Fig.  5 

to  almost  any  spring-mass  8yste.m.  It  de¬ 
pends  up(»i  the  tegimuity  of  the  designer  and 
the  person  who  is  playing  around  with  it.  The 
device  which  I  showed  happened  to  be  another 
lieara  which  we  had  aireas^  ins.de  up  for 
another  test,  and  it  came  in  very  hani^. 

Mr.  Hmicock  (Radiation  Incorporated):  Do 
you  feel  that  this  method  of  testing  would  be 
directly  replacing  the  hall -sine  wave  shock 
pulse,  and  in  so  doing  would  it  eliminate  (me 
of  the  objectionable  features  of,  say,  the 
sand-drop  testing  method,  the  effects  of  me¬ 
chanical  coupling  between  qiecimen  and  table? 


Mr,  Apgar:  Let  rue  state  that  in  the  first  those  who  work  up  shock  pulses,  what  should 

place  we  don  t  have  that  type  of  a  test  device.  be  uaed,  are  the  ones  who  should  state  what 

Probably  If  we  had  had  the  one  specified  In  nhould  be  used  or  what  shouldn't.  I  merely 

JAN-S-44,  we  wouldn't  have  used  this,  so  I  wanted  to  suggest  It,  as  what  I  thought  would 

am  not  In  a  position  to  tell  whether  It  should  be  a  very  useful  device  for  somebody  who 

be  used  to  replace  It,  or  not.  I  feel  that  had  anotter  Universal  testing  machine  like 

people  who  are  in  a  qieclfying  department,  I  have. 


THE  AIR  SHOCK  TUBE  AS  A  SHOCK 
TESTING  FACILITY 

SUnley  R.  Meloher 
U.S,  Naval  MiBsile  Center 
Pt.  Mugu,  California 


At  the  Naval  Missile  Center  a  shock  tube  has  been  used  to  generate 
square  wave  shock  pulaes  lor  shock  testing  ol  components.  This  paper 
describes  the  facility,  typical  test  configurations,  and  results. 


INTRODUCTION 

Shock  tests  are  normally  employed  to  de> 
termine  il  a  test  article  can  witJtistand  the 
mechanical  shocks  likely  to  be  encountered 
in  the  field.  The  test  package  is  bolted  to  the 
sj^k'-testiBg  facility  and  subjected  to  impact 
ehocks  at  mloue  amplltudee  and  pulse  dura- 
tione.  The  ability  of  a  shock  pulse  to  excite 
natural  freRpiencles  Is  depmident  on  the  pulse 
shape  and  duration.  Since  present  shock 
facilities  are  limited  In  their  ability  to  pro¬ 
duce  the  desired  pulse  qiectrum,  it  is  diffi¬ 
cult  to  obtain  quantitative  shock-test  data. 

These  difficulties  may  be  partially  over¬ 
come  by  using  a  step  function  or  rectangular 
shock  pulse  and  defining  the  response  char- 
acterirticB  of  the  test  cmifiguration  in  terms 
of  this  pulse.  The  air  shock  tube  has  the 
ability  to  produce  a  hlgh-preseure  region  for 
a  usable  time  duration.  This  high-pressure 
region  nay  be  used  to  shock  a  test  configu¬ 
ration  with  essentially  a  step  function. 


SHOCK  'fUBE  THEORY 

The  shock  tubu  is  a  long  tube  that  is  di¬ 
vided  by  a  thin  diaphragm  material  into  a 
high-pressure  and  a  low-pressure  chamber 
(Fig,  la).  The  bursting  of  this  diaphragm 
causes  a  shock  wave,  a  contact  surface,  and 
a  rarefaction  wave  to  be  developed  in  the 
tube  (Fig.  lb).  If  air  is  used  in  both  chambers 


and  is  initially  at  a  uniform  tanepsraturs, 
the  pressure  of  the,  shock  weve  P,  may  be 
related  to  the  initial  pressure  ratio  In 
the  following  manner; 


where  and  represent  absolute  pressures 
in  the  high-pressure  and  low-pressure  cham¬ 
bers.  This  relationship  may  be  shown  by 
plotthig  vs  P^/P^  (Fig.  2). 
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Fig.  1  -  Schematic  c '  SAOck  tube  operation:  (a) 
Before  diaphragm  burst,  (b)  After  diaphragm 
burst 
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Fig.  1  -  Shock  strength 

The  shock  wave  will  travel  down  Utti  low- 
pressure  chambt^r  at  a  theoretical  velocity  of 


velocity  of  this  rarefaction  wave  Is  equal  to 
the  sum  oi  local  sound  and  gas  velocities 
and  may  be  determined  by  an  iteration  pro¬ 
cedure  (3).  This  means  the  rarefaction  wave 
may  overtake  the  shock  wave  if  the  shock 
tube  is  of  sufficient  length  (Tig.  4a). 

The  shock  wave  la  reflected  from  the  end 
of  the  tube  and  leaves  behind  It  a  gas  at  a 
pressure  (Fig.  4b 

(7P„  +  4P,) 

Pr  =  -VP  f  p  •  (4)Ref.(l) 

The  pressure  ratio  P^/P,  may  be  plotted  vs 
the  l^CH  niunber,  Hg.  5).  The  pressure 
difference  P,  -  P„  is  greater  than  twice  the 
presBure  difference  across  the  shock  and 
may  be  represented  by  the  equation 


(2)  Ref.  (2) 


where  c  is  defined  as  the  local  velocity  of 
soxid.  The  shock  MACH  number  v,/c  or  ll 
may  be  plotted  as  a  function  of  P./P^,  (Fig.  3). 
The  region  behind  the  shock  and  across  the 
contact  surface  has  a  constant  pressure  P, 
and  travels  at  a  velocity  of 


(3)  Itef.  (1) 


M, 


Fig.  3  -  Shock  velocity 


A  rarefaction  fan  <ilevelops  at  the  cUa- 
phragm  and  is  reflected  back  fjrGaa*  the  closed 
end  of  the  high-preseure  chamber.  The 


(5)  Ref.  (2) 


Fig.  4  -  Reflection  of  rarefaction  and  ahock 
waves  in  shock  tube:  (a)  After  reflection  of 
rarefaction,  (b)  Reflection  of  shock  wave 


The  velocity  of  the  reflected  shock  may 
be  determined  by  the  equation 


The  contact  surface  between  the  gas  ini¬ 
tially  in  the  low-  and  hl^-pressure  cham¬ 
bers  has  a  temperature  and  density  disetm- 
tinulty  across  it.  The  reflected  shock  wave 
iis  thijrefore  reflected  from  this  surface  back 
toward  the  end  of  the  shock  tube  (4).  The 
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Fig.  5  -  Reflected  *hock  amplitude 


time  difference  between  the  two  shock  re¬ 
flection  and  rarefaction  wave  reflection  rep¬ 
resents  the  testing  time  at  the  Ir'sjh  pressure 
P,  (Fig.  6). 


DISTANCE 


Fig.  6  -  Time-distance  plot 
of  shock  tube  waves 


CONFIGURATION 

The  U.  S.  Naval  MisBlle  Center  shock 
tube  Is  six  inches  In  diameter  and  has  an 
overall  length  of  28  feet  (Fig.  7)-  The  high- 
pressure  chamber  is  five  feet  long  with  a 
plunger  extendirtg  along  Its  entire  length. 
The  plunger  is  used  to  burst  the  diaphragm 
wliich  is  placed  between  the  high-pressure 
cliamber  and  the  low-pressure  or  expansion 
chamber.  Photographic  film  is  used  as  a 
diaphragm  material  and  the  thickness  is 
varied  to  obtain  catastrophic  rupturing  for 
various  pressure  ratios.  The  diaphragm 
material  is  sealed  on  the  high-pressure 
chamber  side  with  a  rubber  "0"  ring  and 


supported  on  the  low-pressure  side  with  a 
grid  network  (Fig.  6). 

The  end  of  the  low-pressure  chamber  is 
fitted  with  a  plug.  The  test  component  is 
attached  to  this  plug  and  the  entire  configura¬ 
tion  suspended  as  a  pendulum.  The  test 
specimen  and  plug  are  allowed  to  more  out 
and  away  from  the  shock  tube  as  a  result  cf 
the  shock  (Fig.  9).  This  allots  the  test  c«- 
figuratlon  to  be  designed  to  simulate  i4)prai- 
imately  the  field  assembly. 


SHOCK  THEORY 

An  anilysis  of  the  response  of  simple 
spring  mass  system  to  various  pulses  may 
be  obtained  by  the  use  of  Duhamel' s  integral 
(5).  A  calculation  for  a  rectangular  pulse 
indicates  an  amplification  factor  of  two, 
provided  the  pulse  duration  ie  equal  to  or 
greater  than  1/2  f„  where  represents 
the  lowest  natural  frequency  of  the  test  con¬ 
figurations.  analysis  of  various  other 
pulse  shapes  Indicates  amplification  factors 
dependent  upon  the  pulse  duration,  pulse 
shape,  and  leading-edge  rise  time.  The 
rectangular  pulne  therefore  represents  the 
ideal  shock  pulse  to  obtain  amiflifications 
and  frequency -rehouse  characteristics. 

A  eyatem  with  several  degrees  of  freedom 
will  have  amplification  fitetors  dependent 
on  the  driving  point  ao  well  as  Ibi’i  forcing 
function.  A  step  function  will  represent  the 
most  severe  shock,  and  data  may  l)e  obtained 
accordingly. 


USE  OF  THE  SHOCK  TUBE 


The  theoretical  rise  time  of  a  shock  tube 
pulse  is  approximately  10'^  seconds.  The 
rise  time  (^served  in  practice  is  generally 
greater  than  the  instrumentation  capabilities 
and  is  dependent  on  the  diaphragm  terst 


CM«&raCl6rir*Ui/D  «liu  OUuCa.  W&TC  mtCAACACTUVC 


in  the  tube.  This  interference  is  primarily 


due  to  wall  r  oughness  anti  diaphragm  parti¬ 
cles  that  are  carried  along  with  the  shock 


wave.  The  higher  shock  amplitudes  sre 
found  to  be  somewhat  less  than  that  predicted 


by  theory  and  these  eiiperlmental  results  may 
be  attributed  to  the  same  biterference. 


The  pulse  durations  that  may  be  obtained 
are  dependent  on  the  shock-tube  length,  the 
relative  pressures,  temperatures,  and  den¬ 
sities  of  the  gases  and  may  be  calculated 
for  the  various  condiUons.  Thest?  basic 
shock-tube  characteristics  may  be  improved 
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Fig.  7  -  Air  shock  lub*  st  the  Navr.l  Missile  Ceate; 


Fig.  8  -  Diei^ragtn  assembly 


bf  rcaorttag  to  rarloiu  modllieatioiia  wUbta 
am  eororod  in  th*  literature  on  tlw  rnkject. 

Dm  ahMk  lube  e^iiOM  prewnted  are 
tor  a  bMle  attack  tdee  vttb  a  cloaed  end. 
Whan  the  ahock  tube  is  used  as  a  shock  test¬ 
ing  iacillty,  the  sad  is  allowed  to  more  «t 
as  a  result  oi  tes  forcing  luactioo.  Theo- 
retleally,  thU  ehnuid  result  in  a  dscreaae  in 
ths  forcii«  lunctlan  or  Ugh-pressure  pta  P,. 


In  practice,  ths  eflect  of  this  decrease  in 
pressure  is  nsually  nef^lglbls.  This  tegh- 
preeeure  region  is  relattrelp  long  compered 
with  the  moremeat  U  Ute  teei  uueaoiratikn, 
resulting  la  rery  UtOs  rhseps  s(  ths  PT  sfsa- 
tlons.  A  nottceabls  aOset  caay  be  obssrrijals 
for  light  test  cooliguratioas  ehlch  are  accel¬ 
erated  to  high  relocltteSL.  the  sdtoets  of 
ar  eondary  ahock  reCectloas  are  alee  cb- 
ssrred  for  some  test  sttuatlosa.  This 


Fig.  9  -  Klystron  test  assembly  showing 
end  plug 


itenomena  niay  be  observed  in  the  osciUo- 
recordings  rA  Fig.  10.  Figure  10b  is 
the  respoose  of  tiie  accelertnneter  on  tbe 
plug  smd  indiwftiss  «i  *i.pid  dr^^  in  pressure. 
This  inressure  decrease  is  attributed  to  an 


interaction  between  the  rarefaction  wave  and 
the  reflected  shock  wave  and  is  dependent  on 
the  shock-tid)e  length  and  initial  pressure 
ratio. 

The  klystron  test  configuration  of  Fig.  9 
was  shock  tested  to  determine  tbe  frequency 
variaticu  of  the  klystron  tube  (Fig.  10a)  as  a 
result  of  shock.  The  frequency  variattcm 
was  found  to  be  a  lunctlon  of  shock  amplitude 
and  varied  at  definite  discre  e  frequencies 
corresponding  to  natural  rescniance.  Tbe 
klystron  mounting  accelerometer  was  used 
to  obtain  the  natural  freouency  of  the  moimt- 
ing  (Fig.  ICc).  This  informaticm  may  be  used 
to  evaluate  the  performance  of  the  assembly 
in  its  natural  environment. 

Figure  11  is  a  missile  configuration  test 
setup.  The  missile  is  sugpended  frmu  on 
"A"  frame  and  is  attached  to  the  plug.  Fig¬ 
ure  IS  represents  the  frequency  rti^ponse 
and  transmissibility  characteristir.s  observed 
at  varicus  stations  alot^  tbe  missile. 


CONCLUSIOM 

Tbs  shock  tidje  has  the  abili^  to  produce 
a  single,  rectangular  pulse  wi&  a  sharp 
leading  edge.  The  proper  design  of  the 
shock  tube  will  result  in  pulse  duratioBS  in 
SECSSS  o£  10  LcEger  paise  (kirstiOBS 
aAy  be  obtained  with  low-pressure  ratios. 


*iMi/(«ll«)IA'illAS»*»»n>«*l>»««*'«»f*«*«*‘»**«***"»***f‘*"****'****'"***‘*“***** 


10(a) 


Fig.  10  -  Oscillograph  recordings  of  klystron  test;  (a)  Klystron  frequercy  variation  under 
shC'Ck,  (b)  Forcing  function  from  accelerometer  on  plug,  (c)  Klyetron  mount  response  from 
accelerometer  on  the  mounting 
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Fig.  11  -  Missile  t«;st  configuration 


STATION  I  STATION  !l  STATION  III  STATION  IV 


Fig.  12  -  Missile  response  characteristics 


Thla  allows  the  dstermination  of  resonance 
and  frequency  re^ionse  characteristics  for 
most  laechanical  syoteois.  The  extremely 
sharp  leading  edge  of  the  pulse  allows  strac- 
tures  to  be  excited  at  any  high  naturti  fre¬ 
quencies  inherent  in  the  structure. 

Relatively  high  shock  amplitudes  may  be 
obtained  wiU>  a  simple  air-to-air  shock  tube 


and  normally  available  air  supplies.  The 
adaptability  and  versatility  of  the  shock  ttd>e 
allcnrs  test  contlguratioas  to  be  destpied  to 
simulate  field  asnembUes  closely  and  to  re¬ 
duce  the  effect  of  mechanical  impedance  in¬ 
herent  in  most  test  facilities.  Tlisss  features 
of  the  shock-tube  facility  simplify  the  desiga 
of  quantitative  tests  for  a  wide  range  of  test 
situations  and  analytical  aiudies. 
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DISC.USS10N 


Mr.  Baranofl  (AeronutTOnlcs):  Would  you 
state  q>eclflc  g  levoTs  and  pulse  durations? 

Mr.  Melcher;  'fhe  g  levels  obtained  will 
depend  upon  kSi  mass  of  the  teat  cooflgura- 
tloR.  With  mlftsiles  ve  have  obtained  ahorks 
of  BO  g,  as  for  example,  with  the  missile 
configuration  you  saw  in  Fig.  11.  For  small 
test  cooflguratlcns  we  went  to  60  g,  say,  but 
we  could  have  gone  hig.her  on  those  thinrjs. 


As  for  the  pulse  duration,  this  may  be  d»- 
termlned  theoretically  from  the  basic  shock- 
tube  equations,  and  for  very-low-preswre 
ratios  we  have  obtained  pulse  duratlmis  in 
excess  of  20  me.  For  some  of  the  higher 
pressure  levels  with  this  particnlar  shock 
tube,  we  have  been  down  to  perhaps  4  or  6 
ms— in  that  area-but  this  has  dqwaded  upon 
the  design  of  the  shock  tube,  the  length,  the 
pressure  ratio,  and  so  on. 
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SHOCK  TESTING  POLAKIS  MISSILE 
RE-a4TRY  BODIES  WITH  AN 
ELECTRODYNAMIC  SHAKER 


H.  O.  Lewis 

Lockheed  Missiles  and  Space  Division 
Sunnyvale)  California 


This  paper  describes  a  method  devised  for  shock  testing  Polaris  re¬ 
entry  bodies  wherein  any  available  electrodynamic  shaker  of  25,000 
pounds  force  output  can  be  used.  The  versatility  of  the  system  is  em¬ 
phasized  In  that  the  shock  pulse  can  be  modified  <vithin  wide  limits  and 
may  be  superimposed  on  vibration. 


INTRODUCTIOW 

Karly  in  1959,  «  difficult  shock  test  re¬ 
quirement  was  presented  to  the  Polaris 
llisills  system  Test  Serrlces  laboratory. 

A  Polaris  re-entry  bo^jr,  welf^Ung  nearly 
1000  pounds  with  Its  test  fixture,  had  to  be 
excited  with  shocks  of  50  g  for  3  ms,  and 
25  g  for  7  ms.  Vsrious  types  of  shock  test 
equipment  were  considered  in  terms  of  abil¬ 
ity  to  duplicate  the  required  pulses  with  a 
reasonable  degree  of  fioelity,  availability, 
amount  of  req'uired  setup  time,  number  at 
preliminary  shocks  required  to  achieve  fi¬ 
delity,  cost,  and  adaptability  to  our  security 

v*o?«tanf  a 

A  x/a*av«aw&»« 

A  IS -inch  Hyge  impact  tester  was  being 
installed  in  the  laboratory  at  the  time,  so  it 
received  Initial  cmisideration.  Unfortunately, 
the  manufacturer,  when  contacted  concerning 
our  problem,  was  unsure  of  the  ability  of  tlie 
Kyge  to  handle  the  large  mass  oi  the  test 
specimen.  In  addition,  the  metorieg  pins 
necessary  to  generate  a  2-iuo  shock  were 
not  available.  If  the  correct  pins  had  been 
available,  the  Hyge  still  would  have  required 
disassembly  between  shock  pulses.  This  is 
necessary  since  metering  pins  of  different 
sizes  are  required  for  each  different  pulse 
duration. 


Drqp  testers,  ballistic  hammers,  and 
other  similar  testing  schemas  were  elimi¬ 
nated  becauee  of  poor  nqpeatabUlty  charac- 
teriftiea  and  the  larie  muinber  of  trial  rimek/ii 
required  before  a  desired  ampUhide  ie 
attsinsu.  Stecteu-uysamlc  shakers  were 
considered  next  aa  an  excitattoo  eource  for 
the  shock  puleee.  It  was  felt  that  the  ahaker 
should  duplicate  the  required  shock  pulses 
unleas  an  extreme  amount  of  damping  was 
present  in  the  armature  siuqmneion  system. 
The  idea  seemed  to  warrant  further  inventi- 
gatloa 


nnriAL  experiments 

The  shaker  employed  in  the  endeavor  wv.s 
a  Calldyne,  Model  A182,  25,000  force-pourd 
system  with  a  170  KVA  Westini^msf  ampli  ¬ 
fier.  Tills  shaker  system  was  to  be  used  to 
vibrate  the  re-entry  bodies,  regardless  'Jf 
the  outcome  of  the  shock  experiment^.  To 
approximate  the  test  specimen,  a  cruckj  roasn  . 
was  quickly  fabricated  from  available  steel 
scrap.  It  was  Intended  to  duplicate  tie  weight 
end  length  of  the  rs  'Sntry  body  fmd  its  fix¬ 
ture.  Figure  1  shows  this  tect-mass  spring- 
suspended  in  front  of  the  shaker. 
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Fig.  1  -  Dummy  test  mass  used  to  simulate  weight  and  length 
of  re-entry  body.  The  dummy  is  shown  spring  suspended 
and  attached  to  the  shaker  in  the  manner  employed  for  shock 
test  experiments. 


Our  first  problem  was  the  Introduction 
of  a  pulse  to  the  shaker  system.  This  was 
solved  very  nicely  by  an  accidental  discov¬ 
ery.  When  (grating  in  the  direct,  or  ana¬ 
log,  reprothice  coodition  with  CSC  14-chamiel 
tape  systems,  the  starting  and  stopping  ofxs-' 
atlo»  produces  a  full  sine  transient  switching 
pulse,  an  example  of  which  is  shown  in  Fig. 
i.  TUs  pulse  appears  in  the  output  of  the 
tape  system  reproduce  amplifier.  The  du¬ 
ration  of  the  full  sine  pulse  is  cpproxlnoately 
8  ms  when  operating  at  a  tape  qieed  of  SO 
iacfaea  per  second.  The  pulae  was  recorded 
on  another  tape  system  and  uaed  in  initial 
eq^Hmente.  The  pulse  was  played  from 
the  tape  system  output  into  the  shaker  con¬ 
trol  console.  An  Ssdsvco,  2213  series, 
crystal  accelerometer  was  mounted  on  the 
shaker  head  to  monitor  Its  reaction  to  the 
riwck  pulse.  The  accelerometer  730  con¬ 
nected  to  an  Endevco,  2814  series,  cathode 
follower-amplifier  whose  outout  was  pre¬ 
sented  on  an  oscilloscope.  Results  were 
recorded  on  a  Polaroid  osciUoacope  camera. 

To  introduce  the  pulae,  the  taped  signal 
was  played  Into  a  60-watt  power  aiiy>lifier 
in  the  shaker  control  console.  The  power 
amplifitir  was  used  as  a  preamplifier  and 
impedance  matcher  ahead  of  the  system 
gain  coctroL  The  tape  system  operator 
warned  the  shaker  operator  S  seconds  be¬ 
fore  the  pulse  ws.s  introduced.  Upon 


receiving  the  warning,  the  chnker  operator 
turned  the  system  gain  control  up  the 
poise  occurred,  then  turned  the  gatr,  d<era 
immediately.  Tids  prevented  furious 
signals  or  other  switching  transients  from 
exciting  tile  shaker. 

Early  testing  with  the  taped  switching 
translMit  produced  completely  discouraging 
results.  Figure  2  shows  the  switching  tran¬ 
sient  as  recorded  at  the  outp>^  of  the  tape 
system;  Fig.  3  shows  it  as  recorded  on  the 
slutiur  head.  The  shaker  seemed  to  react  to 
the  pulse  as  if  a  dc  signal  had  been  apjdled 
then  bled  off  slowly.  A  week  of  work  with 
the  test  setup  could  not  solve  the  problem. 

At  this  x>oiid  In  the  program  an  ettective 
msaod  was  empli^ed  for  ebtaijuiag  a 
full  sine  puliie  of  any  time  duration.  An 
electronic  counter  having  a  control  binary 
(start-stop)  circuit  and  a  control  binary  out¬ 
put  jack,  such  as  the  Beikeley,  7350R  ^(ut 
meter,  was  used  io  <A>tain  a  single  pulae. 

Aa  !ittdio  oscillator  fed  a  sine  wave  to  tiie 
counter  at  a  ire<)tuency  corrP^xmeUng  to  the 
pulse  duratimt.  The  start-stc^  circuit 
all<3wed  the  passage  of  a  single  pulse  only 
in  the  form  of  a  square  wave.  Next,  a  vari¬ 
able  bandpass  filter  was  employed  to  extract 
the  fundamental  from  the  squa.re  wave.  Fig. 
4  shows  this  full  sine  wave,  an>i  Fig.  5  the 
reaction  of  the  sluUcer  with,  a  1300-pound 
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Fig.  3  -  Output  of  accelerometar  on  shaker  head.  This 
shows  the  reaction  of  the  shaker  and  dummy  to  the 
switching  transient  of  Fig.  2  in  early  experimentation. 
Oscilloscope  sensi.ivities  per  division;  Vertical— 30-g 
vector;  Horisontal— 10ms. 


nutM  attached.  A  hall-idae  pulae  was  de- 
slTed,  but  further  experimenting  was  halted 
because  the  first  test  qieclmen  was  ready 
for  ezcitatitm. 

The  apparent  inability  of  the  shaker  to 
follow  the  pulse  meatiaoed  earlier  was  found 
to  be  the  result  ei  a  simple  instrummxtation 
problem.  The  accelsroaoeter  was  putting 
out  such  a  large  signal  that  the  Cnderco  am¬ 
plifiers  were  saturatiag.  This  was  discov¬ 
ered  when  wwk  was  started  with  'Jie  new 
pulae,  which  was  of  a  much  lower  amplitude 
than  the  switching  transisnt 

TEST  EXPERIENCE 

The  test  specified  two  shocks.  One  was 
to  be  a  50-g,  2-m8  shock;  the  other  was  to 


be  a  25-g,  7-ma  shock.  A  representative 
the  structural  dynamics  group  ieit  that  a 
more  revealing  test  might  result  If  the  re¬ 
entry  body  could  be  aiibfected  to  a  dapliea- 
tica  of  an  actual  211^  shock.  A  dqpllcate 
tape  was  datainsd  which  was  a  tranacriptlcn 
of  the  reaction  of  an  accelerometer  to  first- 
stage  motor  ignltloa.  This  was  used  to  ex¬ 
cite  the  dummy  to  ensure  reasoaable  repro¬ 
duction.  When  it  was  found  that  reproduetlcm 
was  quite  cloee,  (Figs.  6  and  T)  an  actual 
re-entry  body  was  inserted  in  tbe  test  stand. 

Crystal  accelsrometera  were  mounted  at 
crucial  points,  both  externally  emd  internally, 
and  their  ouQnds  were  recorded  iape. 
Figure  8  shows  a  sketch  of  a  typical  re-entry 
body  shock  test  setup,  hi  addltloii,  the  exter¬ 
nal  accelerometer  locaUnns  for  all  teats  are 
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Fig.  4  -  Tett  pulae  produced  by  oaclllatoif -counter -filter 
mattijd.  This  pulse  wee  used  in  two  different  re -entry 
body  tests.  Oscilloscope  horisontal  sensitivity;  2  ma 
per  division. 


Fig.  5  -  Output  of  ecceierometer  on  shaker  heed.  This  showe 
the  reaction  of  the  shsker  end  dummy  to  the  pulse  shown  in 
Fig.  4.  Orcillnscope  sensitivities  per  division:  Verticel— 
12-g  vector:  Horisontel— 10  ma. 
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Fig.  6  -  Fir  at*  stage  motor  ignition  pulse.  This  was  recorded 
on  an  accelerometer  mounted  in  the  re-entry  body  during  a 
missile  flight  and  played  through  a  filter  adjusted  to  pass 
the  20-  to  TsOO-cps  fre^ency  band.  Oseillo scope  horiaontal 
sensitivity:  10  ms  per  division. 


Fig.  7  •  Output  of  accelerometer  mounted  on  test  mass  when 
shaker  was  subjected  to  the  pulse  of  Fig.  6.  Oscillo¬ 
scope  sensitivities:  Vertical— 14-g  vector  per  division; 
Horiaontal— 10  ms  per  division. 


Fig.  8  -  Sketch  of  re-entry  body  as  attached  to  shaker 
for  shock  testing 
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sbovn.  The  twn  treces  shown  in  encta  of 
Flfs.  •  through  18  are  the  resction  of  the 
re-'entry  body  to  a  S-ms  pulse  and  the  first 
stage  ii^Uoti  pulse.  Accelerometer  3, 
which  was  mounted  on  the  beat  shield,  shows 
a  pronounced  2S0-cycle  reopoose.  This  was 
confirmed  later  in  the  analysts  of  random 
rlbration  test  data.  This  condition  was  due 
to  the  heat-ahtelcl  attachment  and  wan  cor¬ 
rected  in  later  mlesiles.  la  this  teat  the 
bettoea  lebe  of  the  pnlae  was  redaced  con- 
sMerably  in  anjplitade.  This  was  accom¬ 
plished  ij  varying  the  frequency  settings  of 
the  bandpass  filter  to  allow  harmonics  of  the 
desirod  frequency  to  distort  the  wave  shape. 

Recently  a  more  aatlafacioey  meiliod  of 
obtaining  a  half-nine  pulse  was  dtscorered. 


This  procedure  employs  a  pulse  generator, 
such  as  the  Dumont  type  404,  for  a  signal 
source.  Its  outout  was  fed  to  an  KL  model 
SOS  bandpass  filter.  The  signsd  arms  directed 
from  the  h..  pass  filter  to  an  oscilloscope 
for  viewing.  In  addlUtm,  a  diode  across  the 
output  of  the  filter  clipp^  the  bottom  lobe. 
Figure  14  shows  the  square  wave  which  ap¬ 
pears  at  the  output  of  the  pulse  generator. 
Figure  iS  shows  the  pulse  as  it  appears  at 
the  output  of  the  bandpass  filter.  In  this 
instance  both  secUnns  of  the  ban^pad*  filter 
were  set  in  the  low-pass  posttloo.  One  side 
was  set  at  SlOO  cps,  low  aass,  and  the  other 
at  380  cps,  low  pass.  Figure  18  shows  the 
ftnal  pulse  as  It  appears  after  being  clipped 
oy  the  diode,  in  this  Instance  an  IN1313. 


F>g.  9  -  introduced  tc  -b#  ebaber  for  re-entry 

body  shock  tasting.  Tka  top  picture  shows  a  sscond- 
stMO  motor  ignitloa  pulse  as  recorded  in  a  re-entry 
botw.  The  bottom  picture  shows  a  ii-ins  puJsa.  OacU- 
lescu^  keriaoacal  sensiii  .-'ty  for  botn  picturaa  is  £  ms. 
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ri|.  14-  Oseilleacop*  pltotofraph  of  war«  at  output 

ol  pulro  ganarater.  OacUloacopa  ho^iontal  aenaitlvity: 
100  microaecondi  par  dltrlaion. 


ng.  15  -  OaclUuacopa  pbatograph  ol  pulaa  aftar  bandpaaw 
filtar.  Both  fUtar  aectiooa  wara  la  tha  low-paaa  poaitloti, 
oaa  at  2100  cpa>  tha  othar  at  130  cpa.  Oac^oacopa 
horlaontal  aanBitiTlty:  1  mt  par  dlvlslea. 


IMortnmtoly,  «•  Imito  not  boon  ablo  to 
oottltUoh  ft  prodlcUUo  moUkod  lor  protliMui^ 
a  doolroii  poloe  with  eltbor  the  oociUotor- 
couutiir  tutor  ^fotem  or  the  poloo  gonenitgr- 
flUor-^lodo  oyotom.  >Mplm  the  pulao  to 
porfmnwl  by  trial  and  error,  by  rarytag  the 
athniiMiaa  o/  Imrmamica  with  tbo  banqpaaa 
filter. 

All  accoloromotor  outpvta  from  ro-ontry 
bo^  obock  tocto  wore  recorded  on  tapo. 

Thio  rotalreo  two  eeparate  tape  igsteaaa: 
owe  to  mtrodQce  the  pgloe,  and  one  to  record 
the  accoloromotor  outpute.  An  accebrom- 
etor  mounted  at  the  roar  of  the  re-entry  body 
wee  uood  aa  a  monitor  to  datanalse  the 


empUtnde  of  the  ohnrh  All  ether  chnanelo 
woro  redneod  at  the  conclnalon  of  the  teot 

In  the  daa  redaction  proeeoo  the  aeenl- 
erometor  ootpota  were  played  back  on  the 
tape  oyolem  and  rocoeded  with  aa  oocUlo- 
oeope  camera,  one  ehnane!  at  a  tlae.  Ra- 
perlcnce  ahowed  that  the  trlcptriag  level  on 
the  oocUloeoope  reoiirnd  adjoatment  fw 
each  channel  to  prevent  the  looo  at  data. 
lUa  hfts  always  been  a  major  data  redwstion 
oroblem.  'nie  triouriaf  level  of  the  oocil- 
loacope  must  be  sat  ao  that  low  nwplHiithr 
.^acitotlon  preceding  the  main  poloe  will  be 
recorded.  The  oelput  of  the  accelerometers 
c&old  be  recorded  on  an  oectllopraph  provided 


Fig.  16  -  OsciUoacope  photograph  of  pulse  after  an  IN1313 
diode  was  added  at  the  output  of  the  bandpass  filter. 
Oscilloscope  horizontal  sensitivity:  1  ms  per  division. 


the  galvaoometera  have  a  sufficiently  flat 
frequency  response. 


ADVANTAGES  OF  SHAKER  SHOCKING 

A  considerable  saving  In  setup  time  can 
be  affected  U  vibration  as  veil  as  ai^i^  in 
Included  in  the  environmental  requirements. 

same  fixtures  and  test  cetup  used  for 
vibrv.Uon  may  be  utilised  when  shocking  with 
the  shaker.  An  esUmated  2-1/*  days  of  test 
time,  or  about  ISO  manhours,  are  saved  on 
each  re-entry  body  test  by  shocking  with  the 
shaker  instead  of  an  impact  tester. 

This  must  be  considered  the  moat  versa¬ 
tile  type  of  shock  test  avatlsbk.  Practically 
any  type  of  half  or  full  sine  pulse  in  the  fre¬ 
quency  range  from  30  cps  up  to  the  resonance 
of  ths  shaker  armature  can  be  programmed. 
Thla  can  be  best  accomplished  by 
a  master  programming  taps  of  all  the  pulses 
dssired.  Amplitude  control  can  be  made 
h^ly  precise  by  m»intn<ii<ng  ^  prcdeter- 
uiiaed  setting  <»  the  tape  system  reproduce 
aoiplifler  and  all  afaakar  system  gUa  con- 
trois.  With  this  knoii’edgs,  giiasd  ee^i- 
calljr,  the  shaker  operator  can  determiis 
the  exact  gain  aettingB  required  for  a  given 
ampUtude. 

Exciter  amplitude  restrictions  lisait  the 
range  of  the  pulse  duration  to  a  mav<fr»,nn 
of  about  15  ms  half-aina.  Greater  durations 
i*staire  other  forms  of  excitoticn.  H  dssired, 
the  shock  pulse  can  be  introduced  during  a 
random  vihraium  test  to  simulate  powered 
vehicle  aeparatlim  With  thla  arrangement 
tie  sfaaksr  eompensattrm  arrived  at  for  vi¬ 
bration  may  be  employed. 


Utiliaation  of  shaker  shocking  can  reduce 
the  amount  of  money  required  for  Investment 
in  test  equipment,  hi  many  Instances  the 
shaker  will  fulfill  shock  as  well  as  vibration 
requirements,  and  thus  eliminate  the  need 
for  M^)arate  shock  test  equipment  ff  a  test¬ 
ing  agency  is  short  of  funds,  the  pulse  can 
be  programmed  into  the  shaker  dfl'eciiy  fay 
using  the  pulse  generator-flller  method.  H 
a  minimum  of  data  Is  required,  the  resulting 
pulse  from  the  table  can  be  di^tlayed  on  an 
oscilloscope  and  photographed.  This  ellmi- 
mtes  the  need  for  two  costly  tape  systems 
when  simple  tests  are  being  performed. 

The  major  disadvantage  associated  with 
shaker  shock  testing  is  the  inability  of  tbs 
exciter  to  husdie  Img  pulse  .-fc  This 

is  partly  offset  by  the  theory  which  mainiainft 
that  shocks  wifli  durations  of  over  10  ms  can 
be  ihipUcated  on  a  esntrifuge.  This  was  ad¬ 
vanced  recently  by  the  Polaris  gys- 

tern  Structures  Department 


SUMMAirr 

This  report  can  lie  cemaidered  only  as  a 
preliminary  descri;«tion  of  shocJc  testiag  with 
electro-dynamic  idtakers.  Because  cf  severe 
ome  limitations,  Ote  technique  has  been  de¬ 
veloped  only  to  thf.  point  wlure  testtng  is 
merely  possible. 

In  the  Polaris  llisslle  System  Test  Serv¬ 
ices  laboratory  nhsksrs  are  emplc^sc 
sively  for  shock  testing  articlss  from  200  to 
1^000  pounds  -StMn  the  pulse  daraiian  ilmifa- 
uosff  aotod  eftr'iier»  Plans  are  oncier  way  to 
extend  the  um  of  ttie  technique  to  all 
requiring  pulse  durations  up  to  14  ms. 


no 


There  are  several  areas  that  require 
development  before  the  technique  can  be 
considered  of  age.  First,  an  effective  and 
repeatable  method  of  producing  the  desired 
pulses  must  be  developed.  Secondly,  the 
shaker  manufacturers  should  marcet  their 
exciters  #ith  longer  stroke  capabilities,  if 
this  technique  enjoys  sutficient  acceptance. 
This  would  allow  this  type  of  shock  testing 


to  be  extended  over  a  wider  range  of  pulse 
duration.  Finally,  effective  control  of  all 
shaker  system  gain  settings  is  mandatory 
If  repeatable  data  is  to  be  obtained  It  is 
hoped  that  other  testing  agencies  will  per- 
ticlpnts  In  the  development  of  this  teehal^ 
so  tlut  It  cam  become  an  accepted  part  of 
environmental  testing. 


DISCUSSIOM 


Mr.  Gertel  (Allied  tteaearch);  I  think  the 
use  of  a  shaker  offers  aome  vary  interesting 
possibilities  in  shock  testing;  however,  I 
would  like  tc  inject  a  word  of  caution  in 
regard  tc  die  attempt  to  malte  shock  on  a 
shaker  look  like  shock  on  some  other  area. 
Very  often  you  can  get  into  difficulty  merely 
by  making  two  shocks  look  alike.  I  think 
experience  In  past  symposia,  recorded  in 
the  proceedings,  points  out  that  shock  spec¬ 
tra,  even  for  two  shocks  of  reasonably  iden¬ 
tical  damaging  characteristics,  can  vary 
considsrably. 


Mr.  Lewis:  Well,  let  me  say  that  I  am  a 
tost  type,  and  essentially  if  we  are  presented 
with  a  requirement  we  will  do  the  best  we  can 
as  far  as  fulfilling  the  requirement.  Is  con¬ 
cerned,  and  we  leave  It  to  the  more  theoret¬ 
ical.  ty^s  to  determine  whether  or  not  we  are 
abao.iately  correct,  nearly  correct,  or  aome- 
where  in  the  same  county. 


Ml’.  Brown  (Douglas  ^rcralt);  I  would 
like  tc'  second  In  effect  the  previous  remark 
and  add  to  It  Just  a  litUe  bit  in  that  the  tech¬ 
nique  of  using  a  transient  pulse  and  then 
8hapii\g  it  through  a  bandpass  filter  holds 
very  great  posslbilltios  of  matching  shock 
spectra  i*ather  than  shock  puloos  and  it  would 
seem  tl.\at  this  sort  of  technique  should  be 
developed  much  further.  There  Is  somewhat 
of  a  danger  here  In  using  tlw  shape  and  the 
shock  pulse  without  looking  av  the  frequency 
spectra.  For  examp.le  a  lO  -ms  pu.\se  has  no 
snorgy  at  a  hundred  cycles  and  200  ''ycies 
and  maximum  energy  at  50  cycles  and  150 
cycles,  This  could  be  very  easily  overlooked 
in  this  sort  of  approach. 


Mr.  Lewis:  Well,  as  !  caid,  we  have  de- 
vel^eJtEIs'method  piacticaily  under  a  «hot- 
jrun,  and  we  womld  be  grateful  U  wc  could  get 
other  experiencef>  with  this  sort  of  thing,  be¬ 
cause  frankly  we  haven't  had  time  to  develop 
it  to  its  fullest  extent  We  have  develc^^ed  it 
only  to  the  fX)int  where  we  can  run  a  test, 


Mr.  Bl^  (LocklMed):  I  would  like  to 
point  out  that  we  did  use  shock  qwetra  in 
this  program.  The  fact  was  that  in  the  time 
scale  allowed  for  this  particular  development 
we  had  to  use  our  Judgment  as  to'what  the 
shock  spectra  would  look  like  based  on  past 
experience  In  lo(*ing  as  these  time  histories. 
But  we  certainly  do  use  shock  spectra  to 
Judge  the  comparison  between  shocks  on  the 
missile  and  shocks  In  a  test 

Mr.  Lewis:  Thenks  a  lot,  Balph.  Mr. 
Blake  Is  In  the  Polaris  Structures  Unit  and 
he  Is  cur  ready  reference  whenever  we  run 
into  trouble. 

Mr.  Barnes  (Boeing  Alrplye  Co.);  Zwas 
looi^  at  your  last  picture  (?lg.  18},  of  this 
shock  pulse  showing  a  half-sine  input  and  1 
am  Just  curious  as  to  wbat  you  do  with  tbe 
velocity  that  would  be  buiU  up  under  a  pv!.i'> 
with  only  a  positive  or  negative  magnitude  ? 
What  is  the  response  of  the  shaker  part  to 
this  particular  input? 

Mr.  Lewis:  We  haven't  paid  an  awful  lot 
of  attention  to  this,  other  than  to  note  that 
whan  you  Include  the  bottom  lobe,  the  shaker 
will  generally  follow  like  this.  When  you  clip 
tbe  bottom  lobe,  the  shaker  will  still  give 
you  some  excitation  In  the  other  direction, 
but  the  amplitude  of  this  other  load  irs  dfj- 
creased,  I  think  If  you  consider  any  form  of 
shock  testing,  given  a  test  article,  W  you  ex¬ 
cite  It  with  a  shock  In  one  direction,  it  will 
compress  and  then  it  wlU  lose  Its  compres¬ 
sion  so  that  you  would  still  get  energy  in  the 
bottom  Icbe  from  the  test  q)ecimen  Itself, 


Mr,  Hunt  (^ma):  Of  the  data  that  I  have 
seen,  very  little  dE  it  Is  what  yovi  couli  call 
a  pure  shock  anyway,  and  in  our  case  we 
normally  specify  shock  conditions,  mainly 
because  we  don't  have  equipment  large 
enough.  I  think  with  your  25,000-lb  shaker 
this  is  an  excellent  idea. 


u; 


Mr.  Lewis:  Ijct  me  say  thle.  The  method 
Ehcxin  not  be  considered  as  a  test  that  should 
be  restricted  to  large  shakers.  You  can  prob¬ 
ably  figure  the  force  output  obtainable  for 
sh(^  testing  at  three  to  three  and  a  hall 
times  the  peak  rector  force  rating  of  any 
particular  shaker,  because,  as  you  know,  the 
limiting  factor  in  obtaining  a  particular  force 
rating  is  the  cooling  ability  of  the  shaker,  so 
imsmuch  as  the  pulse  Is  played  out  of  a  tape 
recorder,  a  warning  Is  given  to  the  shaker 
operator  so  nuny  seconds  before  the  pulse 
will  occur,  he  turns  his  shaker  up  at  that 
time,  bang,  he  turns  the  shaker  off.  The 
shaker  armature  is  seeing  current  only  for 
Just  a  few  seconds,  so  you  can  go  ahead  and 
overload  a  ahaker  In  an  instance  like  this  and 
get  away  with  it 

lucldeiitally,  let  me  add  one  other  thing. 

Ray  Yaeger  of  Chrysler  questioned  this  sort 
of  testing  because  he  felt  that  we  would  seri¬ 
ously  chmage  armat'ores.  Well,  we  had  the 
armature  out  of  that  2S, 000-lb  calldyne  once 
because  the  leads  had  pulled  loose.  If  you 
are  familiar  with  this  Uing,  the  leads  that 
feed  current  t  the  armature  come  up  through 
the  bottom,  and  then  they  fan  o<tt  ever  webs 
on  opposite  sides  of  the  armature.  But  we 
haven't  yet  physically  damaged  the  arma¬ 
ture,  and  we  found  tluit  during  initial  exper- 
imsiitation,  as  I  showed  you  there  in  some  of 
the  eiu’ly  i^des,  we  were-God  forgive  us— 
getting  about  200  g  fA  the  shaker  head. 

Mr.  Adams  (A  C  Sparkplug):  Abi'utayear 
ago  we  received  a  requirement  to  raalotaia  a 
1-g  oricHtstloH  on  a  package,  and  wc  isk  t^sai 
the  only  way  to  do  it  was  by  shaker  shock 
testing.  It  required  an  11 -ms,  15 -g  shock 
pulse  and  we  went  into  this  same  program. 

I  was  ve^  interested  to  hear  your  comments. 
We  tried  to  appr  oach  it  from  the  theoretical 
aspect,  however,  and  tried  to  put  on  tape  a 
signal  WO  felt  would  give  us  the  nec¬ 
essary  shock  Cfulse. 

This  particular  approach  did  not  work  out 
too  well.  We  then  went  back  Into  the  shaker 
a  litiie  bit,  determined  its  gain  and  phase 
shift  charac';eri8tics,  resonant  frequency, 
expanded  our  nnathematlcal  model,  placed  it 
on  the  computer  and  determined  the  voltage 
which  we  fult  we  had  to  put  into  our  shaker 
in  order  to  give  tlds  shock.  Unfortunately, 
the  test  wiB  pulled  out  from  imder  us,  so  we 
have  never  completely  tested  a  live  package. 

We  have  been  trying  to  jret  a  half  sine  wave 
with  a  leading  and  trailing  secondary  pulse 
and  have  run  into  some  difficulty  getting  that 
We  feel  that  ono  of  our  problems  is  possibly 


that  the  gain  and  phase  angle  versus  fre¬ 
quency  characteristics  of  these  amplifiers 
may  shift  with  time  or  other  things  like  that 
There  is  something  written  up,  and  I  would 
be  very  glad  to  swap  Information  with  you, 
sir. 

Mr.  Lewis:  Fine.  Let  me  say  I  certainly 
wish  we  had  had  the  time  you  did  to  develop 
this  tcc.hnique.  Let  tne  alsc  say  that  you 
should  be  very  careful  of  the  level  of  the 
input  pulse,  consider  all  of  the  system  gain 
that  you  have  in  your  shaker  control  consol 
and  In  youi*  shaker  amplifier.  If  you  go  in 
on  Day-1  aivl  run  a  test  at  a  certain  gain 
setting  on  tbe  shaker  control  consol  and  then 
somebody  from  your  mainienance  department 
goes  Inside  the  amplifier  at  night,  you  conie 
in  the  next  morning  and  you  try  to  run  the 
same  gain  setting  and,  well,  look  out  I 

Mr.  Yeager  (ChryelerCorp.):  Unfortu- 
nately  this  is  a  very  nice  approach,  a  very 
sophisticated  approach.  In  the  matter  of 
the  equipment  involved,  we  are  using  a 
rather  expensive  piece  of  equipment  in  the 
first  place,  and  I  worry  abad  things  like 
shaker  armatures.  Frankly  another  thing 
I  would  like  to  add  Is  that  yiM  can  get  away 
with  a  lot  simpler  approach.  A  number  of 
years  ago  on  the  meteor  program  we  simply 
discharged  capacitors  into  the  shaker  arma¬ 
ture.  You  can  work  this  out  if  you  do  a  little 
figuring.  You  get  a  be.autllul  hall  sine  wave 
pulse  out  of  such  a  system.  Kow  tbe  reason 
I  worry  about  armatures  is  that  we  suc¬ 
ceeded  In  damagLig  one  quite  seriously  that 
time.  But  it's  quite  feasll'le  to  do  it  this 
way,  and  it's  a  very  easily  reproducible 
system,  since  you  only  have  to  excite  the 
field  in  your  power  supply  and  do  it  with 
just  a  bank  of  capacitors. 

Mr.  Galef  (Radioplane):  I  want  to  refer 
back  to  what  the  ^aker  .said  when  ho  took 
a  pulse  to  the  structural  dyuimics  pei^le 
and  asked  if  it  was  o.k.  They  told  him  to 
make  a  half  sine  wave  or  a  full  sine  wi  ve. 
Well,  these  have  quite  different  shock  spec¬ 
tra,  Imt  the  structoral  dyniimics  people  said 
o.k.  I  thiiik  this  is  fairly  common.  I  think 
that  they  probably  would  have  said  o.k.  if  he 
had  performed  a  test  by  droppteg  it  on  some 
sand,  or  maybe  by  kicking  It  as  ha  walked  by. 

In  general,  the  structoral  idynamlcs  people, 
of  which  I  am  one  myself,  don't  k^iow  the 
shock  spectra  well  enough  to  be  fussy,  so  I 
would  like  to  comment  that  whtm  any  of  you 
test-type  people  get  sometliing  from  struc¬ 
tural  dynamics,  if  it  looks  like  it's  going  to 


!  1  ? 


be  hard  to  do,  please  don't  knock  yourselves 
out.  Come  back  ar.d  ask  them  "Is  that  what 
you  really  want."  It  will  save  a  lot  of  worry. 

Mr.  Cohen  (Naval  Material  Lab.):  Could 
you  and  Kir.  Adams  t;ll  me  if  your  systems 
were  equalised? 

Lewis:  No.  We  have  a  set  of  home- 
made  peak  notch  filters,  and  we  are  somewhat 


afraid  that  we  might  have  R  C  time  constant 
problems  in  the  filters,  but  we  do  Intend  to 
try  this  when  we  get  a  commercial  compen¬ 
sation  system. 

Ito.  Adams;  Nc,  our  system  wta  cot 
equalised. 


A  OUASI-SINUSOIOAL  VIBRATION  TEST  AS  A 
SUBSTITUTE  FOR  RANDOM  VIBRATION  TESTING 


A.  E.  Galef 

Radioplane,  a  Division  of  i^Iorth^cp  Corporation 
Van  Nuys,  California 


^ble  oomn  J  niodulated  sinusoid,  is  shown  to  be  a  reason- 

field  1  /**  the  random  vibration  often  measured  Ln  the 

1  and  the  sinusoidal  vibration  of  many  test  specs.  It  may  be  Der' 
formed  with  existing  electrodynamic  shakers  with  onlv  o.i.norlnodifLa- 
sneHm  '"7  required  is  relatively  insensitive  to  damping  in  the  test 


INTRODUCTION 

It  hai  been  shown,  In  past  sympoaia  of 
this  series  and  elsewhere,  that  night  vibra¬ 
tion  data  are  generally  random,  with  approx¬ 
imately  Gaussian  dlstrlbuUon.  Data  of  that 
type  are  best  analysed  and  prer^nted  In  the 
form  of  power  spectral  density. 

A  typical  flpc'Ctral'denslty  pioi  for  a  par¬ 
ticular  point  on  an  airframe  is  pre&eiiled  in 
Wg.  1,  It  is  typical  in  the  sense  that  when 
we  measure  vibration  at  a  mounting  point  of 
a  'black  box,"  we  often  find  only  one  rather 
narrow  band  of  high  spectral  density  with 
negligible  density  at  other  fre<}uoncy  regions. 
Lees  often,  we  find  two  or  ocoaslonaJiy  three 
"spikes"  in  the  power  density.  Tf  our  vibra¬ 
tion  pickup  had  been  located  at  seme  other 
point  close  by  (porhang  at  another  i.'Oijating 
point  of  the  same  piece  of  equipment),  %e 
would  probably  find  that  the  frequency  Itand 
of  possibly  destructive  spectral  density  Is 
different  from  the  frequency  shown  in  Fig.  1. 
At  another  point  on  the  same  aircraft,  stfll 
another  frequency  band  would  be  most 
prominent. 

The  eiqilanatlon  of  the  peaked  power- 
density  spectra,  with  peaks  occurring  at 
different  frequencies  at  different  points, 


lies  In  the  selective  filtering  action  of  the 
airframe -equipment  system.  The  excitation 
energy  (usually  emanating  from  the  power 
plant,  or  from  boundary-iavAr  birbulence) 
typically  has  a  broad,  fairly  smooth  spec¬ 
trum  (Fig.  2).  However,  when  that  energy  is 
converted  to  vibration  energy  and  measured 
at  a  particular  point,  the  complicated  acous¬ 
tic  and  mechanical  path  between  the  source 


Fig.  1  -  Typical  acceleration  density  plot 
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and  the  measuring  point  will  have  done  some 
tuning  of  the  frequencies  which  were  origi¬ 
nally  present,  ajid  typically  only  narrow  fre¬ 
quency  bands  will  appear  prominently.  At 
another  point,  the  acoustic-meciianical  path 
wlU  have  been  euillclently  different  that  a 
^rent  frequency  wlU  appear.  If  epectral- 
dcMity  plots  from  a  Urge  number  of  points 
within  the  vehicle  were  superimposed,  an 
Mvelope  could  be  drawn  (Fig.  3)  which  would 
nave  approKlmately  the  same  shape  as  »he 
eiclUtlon  function. 


When  we  attempt  to  transform  data  of  the 
above  form  Into  a  suitable  Uboratory  quali¬ 
fication  test,  marked  differences  of  opinion 
are  encountered.  One  school  of  thought  sug¬ 
gests  that  the  envelope  of  Pig.  •  is  the  most 
useiul  reeult  of  any  measurement  program. 
An  envelope  of  that  type  is  further  smoothed 
and,  after  multiplication  by  a  safety  factor, 
is  considered  to  be  the  laboratory  test. 

(Fig.  4.)  (Ejections  to  such  ti'eatment  of 
(tetE,  Es  presented  in  oome  previous  syni- 
posla,  have  been  based  largely  upon  the 
practical  difficulties  in  performing  the  test 
As  an  example  of  the  practical  difficulties, 
consider  a  representaUve  test  requirement, 
which  calls  for  power  (^ctral  density  of  at 
least  0.2g^/cp3  over  the  frequency  band  of 
10  to  2000  cps.  This  requires  rms  accel" 
oration  of  20  g,  with  peak  accelerations 
(clipped  at  3  it)  of  60  g.  If  the  test  specimen 
Is  moderately  Urge  and  heavy,  the  difficul¬ 
ties  of  equalization  become  very  great,  and 


an  extremely  rigid  shaker  armature  and  vi¬ 
bration  test  fixture  are  required  to  cope  with 
the  equallfatlon  problem.  For  a  tost  speci¬ 
men  weight  of  50  pounds,  a  total  moving  mass 
(specimen,  fixture,  and  armature)  of  at  least 
500  pounds  is  typical,  and  a  total  ahaker  force 
of  30,000  pounds  Is  required. 


Fig.  3  -  S.iperposltion  of  acceleration  deniity 
measured  it  several  poliits 
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Although  the  above  example  ehowe  tiiat 
performance  of  a  wide  band  random  test  is 
Indeed  difficult,  It  would  appear  that  a  more 
forceful  objection  to  specifying  tests  of  that 
sort  would  be  that  It  is  simply  not  a  valid 
test.  The  writers  of  such  requirements,  by 
lookhig  at  the  envelope  of  ^ctral  densities 
are  observing  the  forest  and  not  noting  that 
the  forest  is  made  of  Individual  trees.  That 
type  of  test  Is  excessively  conservative  for 
test  specimens  with  several  degrees  of  free¬ 
dom,  and  results  in  the  rejection  of  equip¬ 
ment  which  would  work  ad^uately  In  the 
field. 

Another  common  req)onse  to  the  data 
previously  presented  is  perhaps  more  logi¬ 
cal.  This  school  of  thought  pr(q}erly  observes 
the  output  of  an  Individual  vlbraUon  pick-up 
and  sees  a  signal  which  can  be  adequately 
described  ac  a  sine  wave  modulated  by  a 
random  funcUon  with,  typically,  a  Rayleigh 
probability  dlsti'ibutlon  of  amplitudes  (Fig. 

6).  (Xir  observer,  after  carwfuUy  noting 
that  the  forest  is  Indeed  made  up  of  inillvldual 
trees,  then  often  says,  "A  tree  is  a  tree,  and 
a  modulated  sinusoid  Is  a  sinusoid.  We  will 
test  with  sinusoids."  However,  there  are 
Importa/it  differences  between  a  modulated 
sinusoid  and  a  i-nllorm  sinusoid.  The  most 
important  of  these  differences  has  been 
■hown  to  be  in  the  resonant  responses  of  the 
test  Item;  a  damped  mass- spring  system, 
excited  by  random  vlbraaon,  wlU  respond 
proportionately  to  the  square  root  of  the  'XI" 
and  will  respond  proportionately  to  the  first 
power  of  the  "Q"  if  excited  by  sittusoidal  vi¬ 
bration.  Tberefore,  in  order  to  get  equal 
response  to  a  sinusoidal  excitation  as  would 
have  occurred  under  random  excltaUon  at  an 
appropriate  level,  it  is  necessary  to  first 
measure  the  "Q"  of  the  test  specimen,  and 
adjust  the  level  of  th«  excitation  accordingly. 
That  complication  Is  often  avoided  by  Ignor¬ 
ing  It,  re  Kilting  in  excessively  severe  tests 
for  specimens  which  have  high  ”Q"  reso¬ 
nances  (Fig.  6). 


Fig.  6  -  Response  of  damped  spring 
mass  system 


Even  when  appropriate  adjustments  for 
"Q"  are  made  in  the  test  procedure.  It  is 
possible  to  (^ject  to  the  sinusoidil  test  be¬ 
cause  of  the  important  differences  between 
the  probability  distribution  of  peak  amplitudes 
resulting  from  revonse  to  sinusoidal  excita¬ 
tion  and  the  Rayleigh  distribution  which  de¬ 
scribes  the  peak  amplitude  distribution  of 
reqionse  to  Geussian  random  excitation. 

This  difficulty  could  be  surmounted  if  an 
adequate  theory  of  cumulative  danuge  in 
fktigue  were  at  hand;  however,  no  such  theory 
exists. 

The  above  discussion,  summarizing  the 
objections  to  both  broadband  random  vibra¬ 
tion  tests  and  sinusoidal  tests  when  the  field 
environment  is  described  by  narrow-band 
random  vibration,  has  perhaps  suggested 
that  we  test  with  narrow-band  random  vibra¬ 
tion.  This  has  been  suggested  previously 
(1,  2),  but  apparently  aroused  litfJe  Interest. 
The  purpose  of  this  paper  will  be  to  redirect 
attectlon  to  that  suggestion,  and,  also,  to 
suggest  another  test  procedure  which  will, 
have  many  of  the  desired  characteristics  of 
a  narrow-band  random  test  but  which  will 
generally  be  easier  to  perform. 


A  QUASI-SINUSOIDAL  VIBRATION  TEST 

ConskVir  an  excitation  function  which  can 
be  written  as, 

y  =  A  sin  ^  t  sin  &)t  .  (1) 


Fig.  5  -  Typical  random  acceleration 
time  history 
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That  function  representfi  a  sine -modulated 
sinusoid.  In  appearance,  (FIr.  7),  it  has  some 
resemblance  to  a  random-modulated  sinusoid, 

motr  a.  .  .  t  *  t. 

*Tw  iio  cAiecis  to  ue  luenti- 

cal  to  the  effects  of  the  random  e.icitatlon. 

The  effects  of  the  s!r,e -modulated  sinusoid 
may  be  evaluated  in  a  direct  nuuiner  by  ap¬ 
plying  it  to  a  damped  spring-mass  system 
with  natural  frequency  <j,  and  with  variable 
"Q."  The  ampUf  cation  factor,  t  (ratio  of 
rms  acceleration  of  mass,  to  rms  accelera¬ 
tion  of  bese),  may  be  shown  to  be 


T  =  ]  Q^(2^8T;^)t2r?n2T)^ 

mi -47,2)2 +q2(87)« -617^ +2t;2)  ' 

(2) 

“nie  amplification  factor  versus  Q,  lor 
several  values  of  r,,  is  shown  in  Fig,  8.  Also 
shown  in  Fig.  8  is  transmisslbllity  which  is 
prc^rtlonal  to  the  square  root  of  Q,  as  would 
result  from  random  excitation.  It  is  seen 
that  the  square  root  curve  may  be  made  to 
Intersect  a  curve  of  Eq.  (2)  at  two  values  of 
Q,  with  higher  than  desired  transmisslbllity 
between  those  values  of  Q  and  lower  than 
desired  transmisslbllity  for  Q's  outside  that 
range.  Depending  upon  a  statement  of  an 
acceptable  deviation  from  the  "correct" 
transmisslbllity,  a  rather  wide  range  of  Q 
may  be  covered.  Thus,  if  ilO  percent  devi¬ 
ation  from  the  desired  transmisslbllity  is 
allowed,  it  may  be  achieved  over  the  Q  range 
from  4.5  to  38  using  the  7,  ■  25  curve,  or 
ov'er  the  Q  range  from  8  to  65,  using  the 
7, 11 40  curve.  It  is  often  true  that  the  data 
upon  which  a  vibration  test  is  based  is  not 
accurate  within  ±10  percent,  in  which  case 
a  wider  tolerance  on  transmissibllity  is 
warr. anted,  and  a  wider  range  of  Q  for  ac¬ 
ceptable  transmisslbllity  may  be  found. 


It  is  now  necessary  to  consider  the  prob¬ 
ability  tllstrlbution  of  peak  values  of  response 


Fig.  7  -  Modulated  sinusoid 
(a  sin  sin  cut) 


T-  Qs*y0*l2 


10  40 

ibcc’  0^  system 


Fig.  8  -  Response  of  damped  spring-mass 
system  to  riiodui*>ted  sinusoid  excitation 


because  of  the  importance  attached  to  that 
distrilxitlon  in  laUgue.  The  probability  dis¬ 
tribution  of  the  modulated  sinusoid  is  shown 
in  Fig.  9,  together  with  a  Rayleigh  prdMbility 
distribution.  It  is  seen  that  the  two  distribu¬ 
tions  are  not  sufficiently  similar  so  that 
equal  rms  values  could  be  expected  to  cause 
identical  fatigue  effects  independent  of 
whether  the  vibration  was  random-  or  sine- 
modulated  sinusoid.  However,  if  a  small 
portion  of  the  test  period  is  q>ent  in  vibration 
at  an  rms  level  slightly  higher  than  the  ran¬ 
dom  vibration  rms  level,  then  a  much  better 
comparison  of  probabill^  distributions  is 
attained.  Figure  10  compares  the  probabUity 
distribution  of  a  two-level  meduiated  sinusoid 
test  (12  percent  of  Ume  at  a  value  ox  i.i  o) 

88  percent  of  time  at  a  value  of  0.70  <7)  with 
the  Rayleigh  distribution.  Lacking  aji  ade¬ 
quate  theory  of  cumulative  damage  in  fatigue, 
we  cannot  rigorously  establish  the  equiva¬ 
lence  of  the  two  distributions,  but  it  is  intui¬ 
tively  clear  that  the  effects  should  be  similar. 

The  above  technique  Is  obviously  not  ap¬ 
propriate  when  the  operational  vibratlrm  is 
truly  BlnuBOldai.  However,  It  will  be  jatls- 
factcry  in  many  cases  where  the  operational 
vibration  is  nearly  white  noise.  Broad-band, 
relatively  smooth  power  density,  similar  to 
the  envelope  of  Fig.  S,  is  most  often  observed 
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Fig.  9  -  Rayleigh  probabiiity  distribution 
and  sine-modulated  sinusoid  probabilitv 
distribution  ^ 


Fig.  10  -  Rayleigh  probabUity  distribution 
distribution  •Ine-modul.ted  sinusoid 


when  th*/  vibration  transducer  le  at  the 
mountlD*  point  of  a  small,  lightweight  item 
of  equipment  If  that  equipment  is  sufficiently 
simple  that  there  la  only  one  resonant  fre¬ 
quency,  it  would  be  approximately  co.«Tect  to 
perform  a  modulated  sinusoid  test  only  at 
that  frequency  using  an  rme  excltaUon  accel¬ 
eration  of  the  .tame  level  as  would  have  been 
used  If  the  measured  power  density  had  been 
negligible  except  within  approximately  il/6 
ocbive  of  the  critical  frequency. 

It  ia  now  aj^iroprUte  to  consider  the  mod¬ 
ifications  required  on  an  existing  sine-wave 
slaker  system  in  order  to  perform  the  test 
described  above.  Since  sh^er  force  is  pro- 
I«)i.’tlonai  to  the  product  of  the  field  strength 
and  the  armature  current,  the  modulated ' 
sinusoid  may  be  achieved  by  varying  either 
the  armature  excitation  or  the  field  strength, 
to  jUI  shakers  which  employ  electromagnetic 
fields  (which  Includes  the  great  majority  of 
all  shakers),  it  would  only  be  necessary  to 
replace  the  dc  field  power  supply  by  a  vari¬ 
able  frequency  ac  generator.  This  would  be 
especially  convenient  in  shaker  systems 
employing  rotating  machinery  power  supplies. 


*ince  a  generator  could  be  readily  gsarsd  io 
the  existing  shaft  If  the  shaker  system  has 
M  electronic  power  suRily,  ihan  modulatiOD 
of  the  armahure  current  may  be  liinpler  and 
can  be  accompUahed  in  several  ways:  per¬ 
haps  the  most  convenient  technique  makes 
use  of  the  fact 


S'*" 

A  Sin  —  t  sin  ojt 

=  [-  cos  +  ijt  +  cos  -  ijtl  . 

Therefo./e,  by  adding  tiie  outputs  of 
two  signal  generators,  we  achieve  the  de- 

sired  fupcHon  tkio  i _ _  ,, 

c^enlent  If  sharp  resonaacefi  h:)  the  shaker- 
ilxtore  system  exist,  since  such  resonances 
may  be  readily  compensated  by  adjusting  the 
relative  outputs  of  the  two  signal  gener^ors. 

In  conclusion,  an  alternate  tast  technique 
has  been  proposed  which  has  the  advantages 
erf  (a)  being  more  nearly  correct  than  either 
of  the  vibration  test  techniques  commonly 
used  and  (b)  simplicity  of  performance. 
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DISCUSSION 


Mr.  Lewis  (Lockheed  Suanyvale):  I  would 
like  to  take  issue  with  you  and  cite  an  exam¬ 
ple.  When  I  was  at  Boeing  I  remember  an 
airborne  telemetry  system  which  sailed  right 
throu^  a  sinusoidal  test  with  flying  colors, 
but  when  the  system  was  subjected  to  random 
vibiation  we  found  that  there  was  a  paitel  on 
the  side  and  right  next  to  the  panel  there  was 
a  cantJleyered  terminal  board.  We  subjected 
both  of  these  to  ranonm  vibration  at  the  same 
time,  and  shorts  occurred.  Well,  with  this 
modulated  sinusoid  system,  how  can  you  be 
sure  that  you  will  excite  two  resonances  of 
this  sort  at  the  same  time  ? 

Mr.  C-alef:  The  question  might  be  avoided 
instead  of  answered  by  asking  why  we  thtnif 
we  should  have  to  excite  two  resonances  at 
one  time  ?  Now  if  It  Is  true  that  the  Held 
environment  consists  often  of  a  single  peak, 
then  not  only  do  we  not  have  to  excite  two 
resonances  at  one  time;  we  absolutely 
shouldn't  or  we  shall  be  too  conservative. 

On  the  other  hand,  if  the  field  environment 
is  a  smooth  environment,  what  you  say  Is 
correct,  we  do  have  to  excite  them  both  at 
the  same  time.  It  Is  quite  true  that  we  often 
find  troubles  In  random  shaking  which  we  do 
not  find  In  sinusoidal  shaking. 

Another  question  might  be,  thou^^,  do  we 
find  troubles  In  the  field  w.hlch  would  not 
have  occurred  In  slRusoidal  shaking,  or  per- 
liaps  in  this  kind  of  shaking.  If  we  cause 
troubles  In  a  random  white  noise  shake  which 
do  uOt  occur  in  the  field,  we  are  simply  doing 
something  we  shouldn't  do.  I  hope  that  an¬ 
swers  your  question. 

Mr.  Daniels  (Bell  Aircraft  Corp.):  Mr, 
Lewis'  problem  of  co-resonance  been 
tackled  by  Professor  Rona  of  MIT.  He  says 
you  should  shake  a  little  harder.  That  Is- 
up  your  sinusoidal  levels  and  you  will  then 
get  the  same  kind  of  failure.  However  I 
thlnli:  the  point  is  a  good  one.  (Here  Mr. 

Adams  described  a  somewhat  complex 
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example,  with  the  aid  of  a  blackboard, 

which  could  £ct  be  reccrdccL} 

Mr.  Lewis:  Well  let  me  describe  my 
example  oTQve  panel  next  to  n  cantilevered 
terminal  board.  Ibe  panel  had  the  lower 
resonant  frequency.  Now  as  the  frequency 
was  Increased  the  panel  passed  through 
resonance  and  then  Isolated,  then  the  board 
resonated  and  isolated.  But  at  any  one  time 
only  one  or  the  otlier  was  resonating.  Now 
If  you  excite  both  into  resonance  simultane- 
Gusly  they  may  touch.  In  a  random  vibration 
test  you  just  turn  up  the  gain  on  the  shaker. 
But  I  feel  that  if  you  wers  to  excite  stnus- 
oldally  to  tiie  level  where  only  on«  or  the 
other  will  come  Into  contact  at  their  respec¬ 
tive  resonances,  then  you  may  wind  up  blow¬ 
ing  your  pert  right  off  the  shaker. 

Mr,  Galef:  This  seems  to  be  the  old 
argument  w&ther  we  should  use  random 
vibration  or  slnutwldal  vibration  with  the 
same  old  problem  Involved  of  translating 
random  to  mean  white  noise.  Random  does 
not  necessarily  mean  white  noise,  and  I  don't 
believe  this  corjfuslon  should  exist 

Flnocchl  (ITT  Laboratories):  You 
mentioned  that  you  are  dealing  wHH  systems 
that  have  essentially  a  fiharp  peak  of  reso¬ 
nance.  In  some  of  the  Hystems  I  am  familiar 
with  this  dofjs  not  occur.  H  you  could  delin¬ 
eate  a  separation  between  the  types  of  systems, 
between  those  that  have  isolated  peaks  and 
those  which  do  not,  thfs  may  h©  resolved. 

Mr.  GgJef:  I  believe  any  system  which 
has  a  bandwidth  of  resonance  which  ia  less 
wide  than  the  peak  which  might  occur  in  the 
field  can  be  and  should  be  treated  iii  the 
manner  that  we  are  talking  about  If  the  Q 
of  the  resonance  ci  the  system  is  awlSiciently 
low  Uuit  the  bandwidth  of  the  field  excitation 
is  much  narrower  than  the  bandwidth  of  the 
piece  of  equipment,  then  I  don't  think  any  of 
the  equations  we  have  been  showing  are 
applicable. 
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RECOVERAIIE  DATA  CAPSULE  DESIGN 
AND  ITS  APPLICATION  TO  THE  PROTECTION 
OF  MILITARY  EQUIPMENT 

£•  M.  Mazur 

General  Electric  Company 
Missile  and  Space  Vehicle  Department 
Philadelphia,  Pennsylvania 


This  paper  presents  a  brief  history  of  the  design  and  develooment  nrn 
gram  for  the  GE  Recoverable  Data  Capsule  Led  on  Thor^^and  AUas 
vehicles  as  part  of  the  instrumentation  required  to  record  in 
flight  environment  and  to  recover  the  data  intact  Smce  the  can,^^ 
ftee-falls  into  the  sea,  high  g  loadings  are  involved.  ^ 


INTRODUCTION 

The  ccmcept  of  a  Recoverable  Data  Cap- 
aule  was  initiated  early  in  the  research  and 
development  phases  of  tha  Atlas  and  Thor 
isalllsUc  Missile  Programs.  Since  meager 
re-entry  Information  was  available  at  that 
time  and  since  It  was  presiuned  that  some 
of  the  initial  vehicles  would  not  survive  re¬ 
entry,  a  method  for  assurint’;  collection  of 
data  through  this  crlUcal  porUon  of  the  fUght 
regime  was  needed.  Ordinary  telemetry 
methods  for  data  gathering  were  not  satis- 
factorj'  during  re-entry  because  of  the  for- 
maticm  of  a  sheath  of  ionized  gases  over  the 
veiucle  which  completely  blanked  mst  radio 
transmissiun.  The  solution  to  the  problem 
pointed  toward  utilization  of  a  magnetic-tape 
recorder  which  would  store  the  vital  re-entry 
data  and  transmit  It  to  the  ground  staUon 
after  completing  re-entry.  SLnee  this  system 
relied  on  survival  of  the  vehicle  until  the  data 
was  transmitted,  It  was  also  decided  to  use  a 
recoverable  recorder  mounted  In  a  capsule 
capable  of  survival  of  independent  re-entry. 
The  capsule  was  to  be  ejected  from  the  re¬ 
entry  vehicle  prior  to,  during,  or  after  re- 
en^y  throu,?h  the  earth's  atmosphere,  free 
fail  from  nuuiy  thousands  of  feet  above  the 
earth,  impact  at  terminal  velocity  upon  the 


ocean,  protect  the  precious  tape  record  of 
the  flight  from  the  tremendous  deceleration 
forces  upon  Impact,  and  finally  automaUcally 
activate  recovery  aid  devices  within  itself 
so  that  search  crews  could  successfully  be 
directed  to  IL  All  of  this  was  to  be  done  with 
an  18-lnch-dlameter  sphere  which  could 
weigh  no  more  than  100  pounds, 

SUice  the  primary  reason  for  the  Data 
Capsule  wav  the  recovery  of  the  tape  trans¬ 
port  within  It,  the  packa^ng  of  the  capsule's 
components  was  based  primarily  upon  the 
Bbe  and  locailon  of  the  tape  transport  itself. 

pHaI/vo  HktJ-  _ lit-*  ii 

—  icv-wyci  /  Sicin  wiuuii  ue  cnpsuie 

required  a  comprehensive  study  of  search 
and  recovery  procedures,  facilities,  and 
equipment,  DisperBion  uttudles  were  a’^so 
conducted  since  the  problem  of  finding  aa 
18-inch^ bah  bobbing  upon  the  vast  ocean 
obviously  reqw  -'s  tremendous  effort.  The 
studies  indicated  that  the  best  recovery  aids 
were  a  radio  beacon,  a  SOFAR  bomb,  hlgh- 
Intenslty  flashing  lights,  and  efye  markers  of 
various  Wnds.  In  addition,  the  capsule  had 
to  carry  its  own  battery  packs  to  power  the 
recovery  aids.  The  final  configuration  of 
the  recoverable  part  of  the  capsule  is  shown 
In  Fig.  1.  This  assembly  it.  unused  within  a 
plastic  shell  that  protects  the  iiuisr  capsule 
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Fig.  1  -  Phsmtorn  view  of  MARK  2  MOD  6 
data  recei)rery  capaule 


If  independent  re-entry  is  required.  The  lo¬ 
cation  of  the  various  components  within  the 
sphere  was  based  upon  predicted  Impact  lo¬ 
cations,  susceptibility  dt  components  to  im¬ 
pact  damage  and  final  positions  of  the  elec¬ 
tronic  components  when  the  ciq}sule  floats 
upon  the  water.  As  an  example,  the  recovery 
beacon  is  located  at  the  top  of  the  capsule 
(with  respect  to  the  impact  location)  so  that 
its  chances  of  ourvlval  are  greater. 

A  small  drogue  chute  of  6-inch  diameter 
is  employed  to  enhance  the  aerodynamic  sta¬ 
bilization  forces  which  orient  the  Impact  of 
the  capsule  so  that  its  maximum  survival 
capabilities  are  utilized.  Also,  the  center  ol 
gravity  of  the  capsule  Is  such  that  the  beacon 
and  antennri  float  above  the  water  line,  thereby 
reducing  the  possibility  of  continuous  attenu¬ 
ation  of  the  beacon  sl^ial. 


SYSTEM  OPERATION 

In  general,  the  sequence  of  system  opera¬ 
tion  q!  the  Data  Capsule  and  Its  associated 
ejection  mechanism  assembly  is  as  follows. 
After  successful  re-entry  through  the  earth's 
atmosphere,  the  capsule  and  its  associated 
ejection  mechanism  is  propelled  from  the 
re-entry  vehicle  by  means  of  a  JATO  unit 
The  capsule  and  ejection  cylinder  (Fig.  2) 
are  separated  by  aerodynamic  forces  thereby 
allowi^  the  Data  Capsule  itself  to  fall  freely 
away  from  and  at  a  higher  velocity  than  the 
cylinder.  The  capsule  Impacts  the  ocean 
vdth  a  terminal  velocity  d  approximately 
450  fps.  During  free  f^,  the  ca,p8ule  sta¬ 
bilizes  in  the  desired  impact  attitude  (beacon 
up)  because  of  the  effect  of  the  small  drogue 
chute  attached  to  the  capsule's  outer  shell. 
The  capsule  impacts  the  water  in  this  attitude 
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Fig.  Z  -  Data  recovery  capsule  system 


at  i^ch  time  the  cuter  shelle  fragment  and 
separate  from  the  Inner  sphere  assembly. 
Almost  simultaneously,  tiluminum  powder 
packets  biirst  qwn  and  the  finely 'divided 
powder  is  ^iread  over  the  surface  of  the 
ocean,  leaving  a  large  reflective  slick.  The 
capsule  submerges,  then  returns  to  the  sur* 
face  because  of  its  natural  buoyancy.  A  sea¬ 
water  switch  then  completes  the  inner  cir¬ 
cuitry  of  the  capsule  thus  applying  battery 
power  to  the  beacon  transmittw  and  the 
flashing  14piis.  Current  is  also  sapplied  to 
an  aplosivs  charge  ifliich  ejects  the  SOFAR 
bomb.  The  bomb  sinks  and  is  detonated  at 
aj^aximately  mGG  feet  below  the  surface 
of  the  water.  This  ssplosian  can  be  detected 
at  great  ranges  and  provides  a  rou^  fix  on 
the  capsule's  locatica. 

The  problem  than  becomes  tme  cf  pin¬ 
pointing  the  positlae  of  the  floatiug  qthere. 
The  prisaary  devlee  used  for  locating  the 
capirale  is  the  radio  beacon.  The  beacon 
signal  Is  rscelved  by  the  search  aircraft 
wUch  carry  direction-finding  equipment 


The  visual  aids  in  the  capsule  provide  a 
back-up  in  case  of  failure  of  the  radio  beacon. 
The  aluminum  powder  marker,  the  reflective 
paint  on  the  capsule  itself,,  and  flw  flashing 
strobe  lights,  are  all  visible  at  ranges  of 
several  miles  under  conditions  of  either  day¬ 
light  nr  ni|^  time.  For  maximum  reliability, 
the  location  aids  are  designed  so  that  failure 
et  one  aid  will  not  result  in  failure  of  the 
others. 


IMPACT  LOADING 

^Then  the  data  capsule  impacts  the  ocean, 
it  is  traveling  at  approzlmatsly  450  fb«. 

Three  hundred  asousand  pounds  of  kiaetic 
energy  has  to  .te  dissipated,  and  impact  point 
loadings  havs  been  measured  bstwean  40,000 
and  60,000  g's.  This  tremmidous  energy 
presents  formididils  prdblema  in  pswtsctiBg 
the  recovery  compemants  in  the  capsifle. 

Obviously,  one  means  for  insuring  survival 
of  the  data  capsule  is  to  reduce  the  impact 
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velocity.  However,  this  approach  was  dis¬ 
continued  y  in  the  program  because  of 
the  design  complexities  Involved  and  th« 
state  of  the  art  In  terms  of  parachute  shock 
loads  and  deployment  velocities. 

The  solution  to  the  problem  rested  in  the 
proper  choice  of  capsule  structure  materia! 
associated  with  proper  configuration  of  re¬ 
covery  components  in  the  weight/volume 
realm.  Proper  separation  oi  components 
within  the  vehicle  was  also  mandatory  since 
the  effects  of  component  interaction  after 
impact  was  known  to  have  increased  the  local 

g  iGveis. 

Many  materials  were  studied  and  evaluated 
for  use  in  the  Inner  q)here  of  the  capeule. 
Little  data  existed  cn  the  performance  of  any 
material  at  the  high  shock  levels  that  would 
be  encountered  upon  Impact,  so  ah  extensive 
program  of  testing  was  conducted.  Results 
obtained  from  these  teste  provided  a  range 
of  desirable  characteristics  which  included 
flexibility,  strength,  low  water  absorption, 
low  density,  and  slew  return  after  initial 
shock.  The  material  finally  selected  for  use 
In  the  Data  Capsule  was  a  plastlcixed  poly¬ 
urethane  foam  which  produced  a  structure 
that  was  well  suited  for  high-velocity  impact 
shock  with  a  rapid  deadening  effect.  This 
material  also  has  the  ability  to  adhere  to  the 
components  molded  within  the  package  which 
contributes  greatly  to  the  C4)sule'8  structural 
integrity. 

Ibe  capsule's  outer  shell  serves  basically 
as  a  re-entry  protection  for  the  inner  sphere 
and  as  such  does  not  appreciably  change  the 
effect  of  impact  upon  tiie  Inner  q>her6  or  its 
components  since  It  fragments  In  the  initial 
phase  of  water  entry  prior  to  the  time  that 
the  inner  sphere  and  its  components  respond 
to  the  deceleration  forces.  This  phenomenon 
has  been  verified  both  anal3rtically  and  by 
test 


ANALYTICAL  APPROACH 

It  has  been  eBtaulished  by  researchers 
such  as  bhifiman  and  &|>encer,  Blrkhoff, 

Carr,  et  al.,  that  the  phenomenon  of  water 
entiy  by  e,  blunt  object  such  as  a  sphere 
consists  basically  of  three  phases.  The 
first  phase  occurs  during  the  first  several 
microseconds  of  Initial  contact  with  the  water 
and  Is  called  the  compressible-flow  iphase. 
This  phase  is  characterized  by  the  pre^aga- 
tion  (rf  a  trapped  pressure  wave  confined  to 
the  point  of  impact,  subjecting  It  to  very  high 


pressures.  The  second  or  flow-forming 
phase,  begins  Immediately  after  the  moment 
where  the  horlzvintal  component  of  velocity 
falls  below  that  of  wave-propagation  velocity 
In  water.  At  tills  point,  the  trapped  pressure 
wave  will  tend  to  move  away  from  the  intrud¬ 
ing  shape  and  relieve  all  of  Us  energy  by 
raising  a  mass  of  water  in  the  form  of  a 
splash  to  a  qieciflc  h\el(^t  The  third  and 
last  phase  Is  less  complex  to  analyze;  it  be¬ 
gins  when  the  flow  around  the  body  bas  stabi¬ 
lized  itself  and  all  that  remaUis  Is  a  pure 
hydrodynamic  force  acting  on  the  body. 

The  compreSaiblo-flvw  phase  Is  the  most 
difficult  of  the  three  phases  to  predict  analyt¬ 
ically,  as  verified  by  the  extremely  empirical 
approach  that  most  experts  use. 

One  approach,  prqiosed  by  the  Admiralty 
Research  Laboratory,  Teddlngton,  England  (1), 
is  to  solve  for  the  pe^  pressures  e2?>eri- 
enced  at  the  surface  of  the  body  that  is  in 
immediate  contact  with  the  trapped  pressure 
wave  and  to  then  calculate  the  area  of  this 
contact  surface.  The  expression  for  pressure 

is  p  =  pcV,j  sin  a, 

where 

p  ■  pressure, 

p  m  density  of  water, 

c  ■  velocity  of  sound  In  water, 

Vy  *  Impact  velocity, 
a  s  entry  angle. 

Tlie  time  (t  j)  during  which  this  pressure 
(p)  acts  Is  estimated  by  the  following  equation; 

_  VaR 

*  c^’  sin  a 

where  r  »  radius  of  sphsre. 

The  penetration  depth  (s)  of  the  qihere 
during  the  time  (t,),  assuming  aAV  ^  0,  la 
5  =  vt  j .  For  the  Data  Capsule,  using  the 
above  equations,  p  ■  30,000  psi,  t  j  «>  16 
microseconds,  and  s  -  .08.3  inch.  The 
wetted  area  of  the  Data  Capsule  for  .085  inch 
is  approximately  equal  to  5.8  square  Inches. 
Tlierefore,  the  force  acting  on  ti,ie  capsule  is 
equal  to  108,000  pounds.  The  amount  of  ki¬ 
netic  energy  (K.E.)  transferred  during  the 
compressible-flow  phase  can  then  be  approx¬ 
imated  by  the  amcimt  of  work  expe.udcd  in 
the  water.  Assuming  an  average  force  of 
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100,000  pounds  moving  a  distance  of  .007  feet 
we  have  an  energy  loss  of  700  foot  pounds. 

In  order  to  solve  for  the  velocity  change 
that  occurs  during  Uilb  energy  transfer,  it  is 
assumed  that  only  the  outer  shells  respond 
to  the  10  microsecond  pulse  duration  nlnce 
the  Inner  Isofoain  sphere  and  tts  components 
have  extremely  low  natural  frequencies.  The 
energy  loss  can  then  be  stated  as  follows: 


where  v^  ■  450  and  M  ■  shell  mass  ~  1. 
Therefore  vj*  -  v.^  >  1400  and  v,  -  447* 
Its.  (Velocity  at  time  t..) 

This  gives  a  velocity  loss  (Av)  for  tlie  shell 
mass  of  3  fps  and  an  acceleration  (assuming 
a  constant  acceleration)  equal  to 


“  ■  .000016  32  ■  8’*- 

This  figure  is  conservatively  low  since  it 
is  based  upon  the  assumption  that  all  of  the 
shell  mass  absorbs  the  change  in  kinetic 
energy.  Ejqjerlence  gained  from  Impact  tests 
performed  on  the  capsule  shows  that  a  large 
portion  of  the  shell  disintegrates  at  impact; 
therefore  It  would  seem  safe  to  assume  that 
the  impact  ahock  would  be  abs^jrbed  by  only 
a  fraction  of  the  shell  mass. 

A  method  of  analysis  for  determining  the 
critical  velocity  shock,  suggested  by  M. 
Komhauser,  refers  to  work  done  at  the  David 
Taylor  Model  Basin  (2).  T/ie  solution  for 
the  effects  of  the  damage  caused  by  a  shock 
pulse  on  a  structure  is  baaed  on  the  assump¬ 
tion  that  when  the  duration  of  loading  is  less 
than  1/4  cf  the  natural  pt/rlod  of  the  struc¬ 
ture,  the  response  is  Independent  of  peak 
acceleration  or  duration,  but  depends  only 
on  the  velocity  change,  Av. 


Therefore,  a  4.2-fps  change  In  velocity 
at  Impact  is  enough  to  induce  damage  to  the 
shell  structure.  Tnls  figure  roughly  corrob¬ 
orates  the  calculated  results  obtained  by 
means  of  the  first  method  of  analysis  and 
test  experience  in  which  shell  fragmentation 
has  always  occurred. 

The  effect  of  t’do  flrjt  phase  shock  pulse 
MJ  the  recoverable  Inn*:  sphere  is  minor  as 
shown  by  the  results  of  impact  tests,  since 
the  critical  velocity  for  the  laofoam  material 
is  approximately  60  fps,  as  shown  In  tite 
following  analysis. 

The  application  of  the  above  critical  ve¬ 
locity  (av)  equation  to  nonrlgld  structures 
such  as  the  isofoam  core  of  the  capsule  Is 
of  questionable  value.  However,  by  using 
.10  for  as  determined  by  laboratory  tests 
and  2000  fps  as  the  velocity  of  sound  in  the 
Isofoam  core,  a  AV  of  80  fps  is  obtained. 

As  shown  in  tike  following  paragraph,  the 
foam  Inner  sphere  Is  subjected  to  velocity 
changes  In  the  order  of  70  fps.  This  would 
bear  out  the  fact  that  in  certain  Impact  tests 
minor  foam  damage  has  been  Incurred.  The 
characteristic  cf  the  second  or  flow-forming 
stoge  In  water  Impact  Is  that  of  a  transient 
drag  pulse  that  changes  in  magnitude  with 
data  capsule  wetted  area  rate  of  change  and 
therefore  with  entry  velocity.  ICornhauser 
provides  a  method  lor  determlnug  this 
transient  drag  (3). 

First,  the  ballistic  cle''jliy  (a)  of  the 
sphere  is  calculated,  since  the  impact  co¬ 
efficient  1«  dependent  on  the  "virtual  mass" 
of  the  projectile. 


where 


The  critical  velocity  change  required  to 
produce  damage  of  tlwi  stiuctuxe  is  given  by 

V  =  0,3  C„  . 

O  0  * 

where  ■  strain  and  m  velocity  of  sound 
In  the  stricture. 

When  the  above  exijresslon  is  applied  to 
the  Data  Capsule  sheU  structure, 

y  =  (0.3)  (.002)  (7000)  =  4.2  fps. 


M  -  mass  of  sphere, 

R  =  radius  of  sphere. 

By  using  the  ballistic  density  (<r),  an  impact 
(brag  coefficient  (Cp)  is  determlntid.  A  plot 
of  Cp  versus  penetration  and  subiiequently  <1 
plot  of  deceleration  vs  penetration  can  be 
obtained  by  using  the  expression 
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This  lalue  of  accelerati.iB,  repr*>?saDtf) 
c<^  erall  capsule  deceleration  and  la 
u'ron  the  assumption  that  the  capsule  Is  fairly 
rigid  (which  it  is  not)  and  helps  only  to  arrive 
s  t  an  approximation  of  the  acceleration-time 
listory  of.  the  second  phase  of  the  water 
>ntry. 

i'V  using  the  above  methods  for  the  Data 
Capeule,  it  was  predicted  that  the  ttuxlmum 
forces  bTid  velocity  changes  occurred  during 
the  first  vater  penetratiou  of  one  radius  and 
that  the  vtiocUy  shock  (hv)  amounted  to  ap- 
proKlmately  TO  fps.  This  velocity  shock  was 
used  to  predict  the  "g"  loadini;  ejq)erlenced 
by  each  compotkv't  within  the  capsule  as  will 
be  discussed  subsequently. 

The  thlrdjiQd  final  ^.tiase  of  water  Impact 
by  blunt  bodies^gius  w';cr.  iie  body  la  com¬ 
pletely  submerged  and  is  characterized  by  a 
lessening  of  the  deceleration  forces.  This 
phase  has  no  effect  upon  the  b.'t  of  the  cap  ¬ 
sule  or  Its  components. 

The  methods  used  for  the  shock  analysis 
of  the  Data  Capsule  components  consU'ted  of 
the  following.  Each  component  was  com'd- 
ered  as  a  slngle-degree-of-freedom  nonlL'ear 
system  where  the  eprlng  ie  the  polyurethant 
foam  between  the  component  and  the  maae  on 
which  It  Impacta.  Thus  for  zero  Impact  di¬ 
rection,  the  foam  between  the  recorder  and 
the  shell  was  used  to  determine  the  deceler¬ 
ation  reqxmse  of  the  recorder  and  the  foam 
between  the  SOFAR  bomb  and  the  recorder 
determined  the  deceleration  reeponse  of  the 
SOFAR  bomb.  This  procedure  assumes  no 
coupling  effects  or  Interaction  between  the 
masses.  Computer  studies  were  run  to  de¬ 
termine  the  validity  of  this  approach  and 
Indicated  that  the  slngle-degree-of-freedom 
analysis  was  quite  valid  except  for  one  com¬ 
ponent,  which  was  the  beacon.  Interaction 
between  the  beacon  and  the  SOFAR  bomb 
accounted  for  higi\er  "g"  levels  on  ihe  beacon. 

The  nonlinear  spring  was  assumed  to  be 
the  tangent  type  whose  restoring  force  is 
given  by 


2Kh  ^  778 

F  =  —  tan  -5-  . 


where 

h  a  ttiickness  of  foam  (in.), 

K  >  linear  spring  constant  (Ib/ln.), 
S  SI  compression  of  spring  (in.). 


This  type  of  spring  was  chosen  b\.ncc  it  is 
essentially  linear  for  small  8  and  Inft  Ue  if 
8  ■  !i.  The  linear  spring  constant  K  lo 


,,  ,  area 

S.  •-  k  X  — jj—  , 

wh^e  k  m  linear  q;>rlng  constant  for  a  one 
inch  In  comp!:.MSlon.  The  value  of  k  was 
obtalnedS^om  dyna^^-tarts. 

The  respon^qp  of  a  single-degree-of- 
freedom  tangent-%|$;^  ncnlinoar  system  to  a 
velocity  shock  is  adel^l^tely  discussed  bi 
many  texts.  The  In  the  «)rlng 

due  to  the  absorption  of  ttS^dnelic  energy  Is 


where  8^  ,  the  maximum  deflection  of  a  lin¬ 
ear  spring  of  stiffness  K ,  is  the  ratio  of  the 
velocity  shock  divided  by  the  natural  fre¬ 
quency  O'  the  linear  system  Av/fi^. 

Since  the  force  in  the  spring  Is  due  to  the 
mnsB  times  the  deceleration,  the  maximum 
deceleration  is  given  by 


where  W  is  the  weight  ol  the  component. 


TEST  "ROGRAM 

Many  ai.-’craft  drop  tests  were  conducted 
throughout  development  program  and 
valuable  desigi.  Infoimatlon  was  obtained  In 
thlH  manner.  Hv'^vevor,  the  precise  point  of 
Impact  of  the  cspblIc  and  the  velcciry  of  Im¬ 
pact  were  actually  seme  what  In  doubt.  There¬ 
fore,  as  a  final  qualification  t/jst  program,  a 
series  of  controlled  wai.'.r-l.aipact  tests  were 
conducted  at  the  U.  S.  Kav.'l  Weapons  labo¬ 
ratory,  Dahlgren,  Virginia.  The  primary 
objective  of  the  water-impact  '’ests  of  the 
data  capsule  was  to  determine  tee  boundaries 
of  a  .spherical  sector  on  the  surface  of  ihe 
capsule  within  which  the  capsule  wocld  reli¬ 
ably  survive  water  Impact  at  specif ie^  strik¬ 
ing  velocities. 

The  test  facility  (Fig.  3)  consisted  of  a 
110-foot  rocket  launcher,  depressed  10° 
from  the  horizontivl,  a  stripper  device  used 
to  separate  the  capsule  from  its  rocket- 
propelled  carriage,  and  a  water  recovery 
tank  for  impacting  and  recovering  the 
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capsules.  The  capsule  entered  the  tank 
through  a  36-lnch-dlameter  opening  over 
which  was  clamped  a  .010-lnch  cellulose 
triacetate  diaphragm.  A  sluice  gate  was 
utilized  to  close  the  opening  in  the  tanlf  to 
protect  the  diaphragm  from  turbulence  while 
the  tank  wks  pumped  full  of  water.  Just  be¬ 
fore  actual  firing  of  the  capsule  the  sluice 
gate  was  opened  and  immediately  after  entry 
of  the  capsule  into  the  tank,  the  gate  was 
closed.  The  dimt'ueions  of  the  water  tank 
were  approximately  28  feet  long,  18  feet 
wide  and  averaged  17.  S  feet  high. 

The  carriage  holding  the  data  capsule  was 
propelled  by  means  of  four  3.25-lnch  Mk.  7 
Mod  0  rocket  motors,  temperature  condi¬ 
tioned  to  140“  F.  Total  weight  fired  was 
approximately  400  pounds.  The  stripper 
plate  was  located  8  feet  from  the  end  of  the 
110-foot  launcher.  The  stripper  separated 
the  motor  carriage  from  the  capsule  allow¬ 
ing  the  capsule  to  fly  freely  apprcnlmately 
10  feet  before  impacting  the  water  tpjik  dia¬ 
phragm. 

High-speed  photographic  instrumentation 
was  used  to  verify  the  capsule's  velocity  and 
point  of  Impact  (Hg.  4).  Four  data  capsules 
were  constructed  by  using  spent  components 
upon  which  were  secured  copper  ball,  peak 
reading  type  accelerometers  mounted  in  the 
planes  of  Impact  The  test  results  indicated 
that  the  analytical  approach  using  the  single- 
degree-of-freedom  nonlinear  system  is  quite 
valid  for  obtaining  design  "g"  levels  for 
components  packaged  and  protected  as  was 
done  within  the  Data  Capsule. 


Table  1 

Results  of  Typical  Test 


Component 

Peak  g 
(test) 

Peak  g 
(calculated) 

Battery  box 

1750 

1780 

Junction  box 

1500 

1700 

Recorder 

2300 

2250 

Beacon 

4500 

1880 

Sofar  bomb 

5800 

4100 

It  should  be  noted,  as  stated  before,  that 
the  test  results  corroborated  .the  computer 
study  which  indicated  that  interaction  would 
occur  between  the  beacon  and  SOFAR  bomb 


thereby  Increasing  the  actual  peak  g's 
experienced  by  these  components. 

The  Dahlgren  tests  proved  conclusively 
that  the  Data  Capsule  could  reliably  survive 
water  Impact  at  velocities  of  about  450  fps 
if  the  Impact  were  restricted  to  the  bottom 
hemlq)here  within  a  spherical  sector  whose 
diameter  lies  70°  from  the  bottom  of  the 
capsule  and  is  parallel  to  the  horlsootal 
diameter. 

In  addition  to  the  tests  performed  on  the 
capsule  which  contained  a  SOFAR  bomb 
(Mod  $},  tests  were  conducted  by  using  a 
Mod  7  capsule  in  which  the  SOFAR  bomb 
was  replaced  with  a  i6-mm  camera.  Nine 
Mod  6  capsules  and  three  Mod  7  capsules 
were  successfully  tested.  It  should  be  noted 
that  three  c!  the  Med  6  Data  Capsules  were 
Impacted  twice  (using  new  outer  shells  for 
the  second  shot)  at  different  locations  with¬ 
out  failure  due  to  impact,  indicating  the 
rugged  nature  of  the  foam  material. 

The  final  proof  of  djsign  however,  rests 
in  its  successful  ure  in  actual  flight  1'he 
Data  Capsules  have  been  flown  in  both  the 
Thor  and  Atlas  re-entry  vehicles.  The  rec¬ 
ord  of  successful  recoveries  of  both  types  of 
capsules  has  been  very  impressive  consider¬ 
ing  the  complexities  of  a  missile  system, 
the  rigorous  environmental  conditions  that 
the  capsule  must  survive  and  finally,  the 
"needle  in  a  haystack"  aq>ects  of  the  re¬ 
covery  system. 

Much  valuable  data  has  been  collected  by 
using  this  technique.  Complete  storable 
records  of  missile  flights  have  been  recov¬ 
ered,  both  on  tape  and  on  film.  Extraordi¬ 
nary  photographs  of  the  earth  (Pig.  5)  have 
been  obtained  from  altitudes  up  to  900  miles 
which  have  revealed  interesting  weather 
patterns  and  which  have  paved  the  way  for 
more  research  into  meteorological  and 
reconnaisance  satellites. 


APPLICATION  TO  PROTECTION 


r\T?  ■MTTTT'TAOV  irrtTTITfclirr'lkTm 

.ivAAsua  AraavA  uwigv.'.jrxvAAliAi  A 


The  use  of  foamed  plastics  for  the  pro¬ 
tection  of  delicate  equipment  during  the 
handling  and  transportation  phase  is  not  new. 
Many  m^jiufacturers  have  utilized  this  tech¬ 
nique  and  have  effected  considerable  savings 
as  a  re.sult. 

The  ability  of  foamed  plastics  to  absorb 
energy  i  s  put  to  good  use  in  packaging. 
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Fig.  4  -  Plan  and  elevation  views  of  the  test  facility  showing  cannera  instrumentation 
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Fig.  5  -  Photograph  of  earth  from  altitude  of  350  milea 
recovered  from  data  recovery  capsule 


Bars,  contoored  foamed-ln-placa  jwckacaa 
as  vsU  as  sUtted  slab  atock  can  ba  usad.  It 
ts  eoMalaabl'^  that  parachuta  dallrary  ot 
aappUes  and  aqolpinent  could  be  made  taster 
and  mors  accurate  if  tbs  allowable  Impact 
Tslocltjr  of  tbs  paekafas  could  ba  increased. 
Wltb  proper  foaming  tacbnlquea,  deacent 
Tslocltlss  of  paracbntsB  could  ba  incraaaad, 
tharabjr  lasasning  tba  Tulnarabillty  of  large 
paekagaa  to  enemy  actton. 

Ilactronlc  aquipmant  used  for  homing  or 
guidance  purposes,  such  as  a  radio  beacon 
or  flaablng  lights  as  ntUlaad  in  the  Data 
Capsule  could  ba  dropped  accurately  on  an 
enemy  beach  without  parachute  retardation 
of  the  impact  TSlociiy.  For  eaample,  a  Data 
Capsule  of  special  design  was  dropped  from 
an  airvriul  from  iuOu  feet  upon  a  sandy 
beach.  The  capsule  Impacted  the  wat  sand 
at  a  velocity  of  4S0  <ps.  The  radio  beacon 
wUhiii  tlu)  ciHwiIe  iiuKuonau  juai  as  well  as 
it  (Ud  before  the  test  even  thoui^  It  ted  ex¬ 
perienced  a  shock  of  10,000  g's. 

There  has  been  speculation  recently  about 
the  feasibUlty  of  a  "logistics  missile;"  that 
Is,  a  missile  which  could  accurately  deliver 
^rjwrcrttlcal  supplies  or  possfitly  personnel 
to  an  embattled  outpost  where  all  other  con- 
ventlonal  methods  of  delivery  had  been 
isenisd  impossible.  T  je  missile  would  have 


a  separable  nose  cone  which  would  "home 
in"  on  electronic  equipment  sot  up  on  the 
grmind  statton.  A  Is  proposed  that  a  para¬ 
chute  be  used  to  retard  the  deseent  of  the 
cone  with  Its  payload  protected  by  foanaed- 
in-place  {dastlcs,  both  rigid  and  soml-rl^ 
The  principle  of  energy  absorbing  by  shock 
colliywlng  of  semi-rigid  foam  to  protect 
delicate  instruments  has  been  found  to  work 
welL  The  advantage  of  using  plastics  ftur 
this  appllcatton  rather  than  hnnejrfsiib  ahi- 
mimim  structares,  for  instance,  lies  in  the 
ease  of  handling  of  the  foam  and  He  ability 
to  fill  all  voids  la  a  structure  thereby  afford¬ 
ing  uniform  support  to  the  payload.  Tha  high 
"g"  tolaraaoa  of  the  payload  would  therelOre 
be  Increeaed  sinoe  the  tndeney  lor  dMersa- 
tlal  daflsctlaaa  in  the  payload  would  be  mlBl- 
miaed.  hi  addttton,  removal  of  tha  payload 
from  the  foam  protsetlon  la  quickly  and 
eaally  accompUshad  alwgly  ^  cuttBw  Im 
piaauc  away  from  the  peakage.  la  fin  eaaa 
of  a  human  cargo,  a  contoored  foam  aaat 
oriented  properly  upon  impact  weald  serve  q 
as  adsquate  prstactlon.  MimUss  InvoMf^, 
space  capeulee  fOr  humea  occupancy  iutve 
Indicated  the  feasibility  of  thia  approach. 

Intaraatlnf  military  applicattona  of  the 
uae  of  controUed-deaalty  <wethaBe 
have  beea  nnler  aaperlaaut  at  the  ObsIbb 
Rubber  Co.  A  aeries  of  teats  were  conducted 


in  which  rubber  tire  tubes  were  filled  with 
loam.  To  test  the  tire,  holes  were  drilled 
through  the  sidewall  and  pie  shaped  wedges 
were  cut  across  the  tire  to  simulate  battle 
damage.  The  tire  remained  intact  during 
subsequent  driving.  The  foam-filled  tire 
showed  greater  stability  and  better  shock 
absorption  without  the  reciprocal  "bouncing" 
effect  shown  by  air-filled  tires. 

Another  technique  Involving  use  of  ure¬ 
thane  In  creating  protective  fcocholes  for 
wartime  use  has  possibilities.  By  using  a 
portable  mixing  machine,  the  shodder-depth 
foxholes  can  be  qirayed  with  urethane  foam 
which  sets  in  a  matter  of  minutes.  Wlwn 
hardened,  the  foam  forms  a  rigid  coating 
that  provides  excellent  Insulation  and  pre¬ 
vents  water  seepage.  A  dome-shaped  cover 
complete  with  vision  slit  can  then  be  formed 
by  using  strips  of  preformed  flexible  ure¬ 
thane  and  wrapping  paper  as  a  base  coated 
with  several  successive  layers  of  rigid  foam. 
The  resulting  foxhole  cover  is  strong  enough 
to  sunKirt  seversd  hundred  pounds  of  wel^t 
and  to  afford  protection  from  stray  shrapnel 


and  debris.  The  use  of  a  similar  technique 
to  construct  fully-insulated  and  water -proofed 
storage  depots  and  bomb  shelters  has  been 
under  consideration. 


CONCLUSION 

The  successful  application  of  the  use  of 
foamed  plastics  for  the  protection  of  sensi¬ 
tive  electronic  equipment  from  high-shock  en¬ 
vironments  has  been  adequately  demonstrated 
by  the  recovery  of  many  Data  Capsules.  A 
reliable,  yet  simple  method  for  analytically 
determining  the  teslgn  "g"  levels  for  compo¬ 
nents  packaged  In  this  manner  has  also  been 
formulated  and  verified  by  a  series  of  unique, 
controlled  water-impact  tosts. 

A  few  interesting  and  perhaps  thought- 
stimulating  suggestions  of  mUitarj  applica¬ 
tions  of  this  technique  have  been  presented. 
Undoubtedly,  these,  or  similar  concq|>ts  will 
be  utilised  in  the  near  future  as  our  "know¬ 
how"  and  technology  in  the  field  of  foamed 
plastics  increases. 
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DISCUSSION 


Mr.  Cordes  (Lockheed  Aircraft  Corp.): 

Do  you  have  any  data  on  the  frequency  ra- 
sponse  of  your  Instrumentation,  and  how  long 
were  these  shock  impulsos? 

Mr.  Masur;  Actually,  we  know  that  the 
coi^r  ball  i^  accelerometers  prcbably 
gave  us  a  relxund  effect  and,  the  g  levels 


* 


that  we  read  were  possibly  too  high.  The 
pulse  time  actually  was  about  two  to  three 
mllUseconds  in  tUs  second  phase  of  Impact 
However,  the  g  levels  experienced  were  so 
hlg^  that  if  actually  we  did  read  3000  g's 
Instead  of  2500  g's  we  felt  that  in  design  of 
the  components  the  difference  was  insignifi¬ 
cant 


*  * 
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DEVELOPMENT  OF  A  COMBINED 
CLIMATIC,  STATIC,  AND  DYNAMIC 
ENVIRONMENTAL  TEST  FACILITY 


J.  J.  Hendrix,  E.  H.  Moore,  and  K,  M.  Murphy 
Mitslle  Oiviiion 
North  American  Aviation,  Inc. 


The  Missile  Division  Testing  Laboratory's  capability  for  combined  en¬ 
vironmental  testing  has  long  permitted  the  combination  of  climatic 
environments  such  as  temperature,  altitude,  humidity,  etc.  The  Lab¬ 
oratory  has  employed  this  capability  effectively  in  numerous  ways 
without  ever  seriously  considering  the  addition  of  both  vibration  and 
linear  acceleration  to  extend  the  capacity  for  testing  under  multiple 
environments.  Some  eighteen  months  ago,  however,  several  inquiries 
were  received  including  one  from  USAF  HMD  as  to  capabilities  for 
testing  under  combined  sustained  inertial  and  vibratory  loading.  Pursuit 
of  these  inquiries  reveled  a  strong  indication  that  such  combinations 
of  environments  are  to  be  significant  in  future  missile  and  aircraft 
development  testing.  An  adequate  capability  for  such  combined  testing 
therefore  appeared  to  be  desirable,  and  means  for  acquiring  this  ca¬ 
pability  were  considered.  It  is  the  purpose  of  this  paper  to  outline 
factors  which  entered  into  this  consideration,  to  describe  design  and 
development  of  the  facility,  and  to  indicate  the  degree  of  capability 
achieved. 


CONSIDERATION  OF  FACILITY 


The  ccmbiimtion  of  vibration  and  sub- 
tained  acceleration  can  be  obtained  In  two 
ways.  First,  by  placing  an  accelerator  on  a 
vibrator,  and  seccnu,  by  revereiiig  the  proc¬ 
ess  and  providing  some  method  of  vibration 
excitation  on  the  accelerator.  Consideration 
of  the  mothods  stated  abovo  was  governed  by 
the  following  design  precepts: 

1.  Existing  equipment  was  to  be  used 

2.  Develcqpnoent  cost  was  to  be  held  to  a 
minimum 

3.  Facility  was  to  be  available  for  use  in 
six  months 


4.  Facility  capability  to  be  25  g's  In  the 
frequency  range,  25  to  2000  cps,  with 
15  g's  of  sustained  acceleration, 
additive 

5.  Equipment  used  was  to  retain  its  capa¬ 
bility  for  general  use 

A  survey  of  existing  test  equipment  based 
uu  the  above  design  precepts  dictated  that 
the  means  of  vibration  excitation  should  be 
mounted  on  the  accelerator.  No  decision 
was  required  relative  to  providing  linear 
acceleration  since  only  one  piece  of  equip¬ 
ment  suitable  for  this  applicaUon  (a  Geni.sco 
Model  C-150  accelerator)  was  available. 

Conversely,  several  possible  means  of 
providing  vibration  excitation  were  consid¬ 
ered.  Mechanical  methods  of  excitation 
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were  available  but  their  use  was  rejected 
because  of  their  limited  rangfe  of  frequency. 
Resonant  beams  were  attractive  from  the 
stanc^lnt  of  weight  but  the  number  required 
to  cover  fully  the  frequency  range  was  con¬ 
sidered  eicesBlve  and  they  were  also  re¬ 
jected.  It  was  decided  that  the  most  practi¬ 
cable  means  of  providing  vibratory  excitation 
would  be  the  conveirtlonal  electrod^mic 
shakeri  and  design  consideration  proceeded 
upon  inis  basis. 

Since  the  source  of  sustained  acceleration 
was  to  be  a  Genisco  Model  C-159,  its  capa¬ 
bility  was  evalimted  in  terms  of  the  design 
precepts.  A  preliminary  static  and  dynamic 
analysis  of  the  accelerator  beam  led  to  the 
following  observations; 

1.  The  manufacturer  was  conservative  in 
rating  the  capacity  of  the  accelerator. 

2.  Additional  beam  torsiomd  stiffness  was 
required  for  compatlbUlty  with  antlcl- 
I>ated  requirements. 

3.  The  beam  would  not  withstand  the  ex¬ 
pected  dynamic  test  loads. 

4.  The  moment  acting  through  the  c.g.  of 
the  exciters  accounted  for  greater  than 
90  percent  of  the  total  moment 

As  a  result  of  the  above  a.nalysls,  It  was 
concluded  that  the  accelerator  beam  would 


need  to  be  stiffened  or,  alternatively,  that 
the  dynamic  load  would  have  to  be  restrained. 
This  latter  alternative  was  selected  In  the 
expectation  timt  it  would  entail  the  expendi¬ 
ture  of  less  time  and  money.  Durlr^  test, 
the  accelerator  required  static  and 
dynamic  balancing,  so  the  decision  was  made 
to  mount  two  identical,  (tynamically-opposed 
shakers  on  the  accelerator  beam.  Tte  MB 
Model  C-S-C  shaker  was  found  to  satisfy 
basic  problem  conditions  of  size,  weight, 
force  output,  and  frequency  range.  Additional 
considerations  which  Influenced  the  selectlcn 
of  this  type  shaker  include  an  advantapous 
"force  output  to  mass"  ratio,  a  wide  fre¬ 
quency  range  (B  to  5000  cps),  and  electrical 
requirements  which  were  compatlblo  with 
the  rated  capacities  of  the  silver  alloy  slip 
rings  provided  cm  the  accelerator. 

The  selection  of  the  C-6-C  shaker  limited 
test-spaclmen  gross  weight,  exclusive  of  the 
armature  table,  to  approximately  5  pounds. 
Heavier  ipeclmens  reduced  vibration  !ev#!« 
below  the  required  25-g  maaiiwtitn.  a  dcetch 
of  the  accelerator-vibrator  combination  le 
shown  in  Fig.  1. 

With  decisions  regarding  equipment  selec¬ 
tion  accomplished,  attention  turned  to  ways  of 
putting  the  equipment  to  optimum  use.  Orien¬ 
tation  of  the  vibration  excitera  on  the  accel¬ 
erator  beam  and  incorporation  of  provisions 
for  climatic  envlrounenta  ware  primary 
consideratlona  in  this  new  decision  phase. 


JOINT 

OUT 

*aELERAT0«  (SCNISCO  0-l») 


SLIP  sms 

setcuu.  STAINLESS  DRIVC8HAFT 


SHAKES 

eSAOLE 

SUPPORTS 


Fig.  1  -  Configuration  of  combined  environment  test 


132 


standard  procedure  for  the  combtnatloa 
of  Tlbratioo  and  eoctalned  acceleration  In 
orthogonal  axes  unwLUy  Include*  sxpoflure 
In  all  orientation*.  A*  preTloa*ly  mentioned, 
howeTer,  analysl*  ahoved  the  accelerator 
beam  to  be  weak  In  torstao,  and  for  thl* 
reason  ft  wa*  not  connldered  adrlaabie  to 
▼ibrata  In  the  axis  tanf  mt*l  to  accelerator 
rotation.  Iliarafore,  two  axe*  of  rfbretlcs 
with  reapoct  to  the  axis  of  mifllalnad  accel- 
aratioc  were  choaes,  oanialT,  the  axe*  normal 
to  and  coaxial  with  that  of  llzMar  acceleration. 
Any  diaadvaataf*  arising  from  the  ellmlnatloii 
of  taagentia)  rlbrattan  wa*  expected  to  be  off- 
■at  by  carefal  consMeratlan  of  component 
■ynunetry  In  fixture  dealgiiL 

Becaune  of  apace  and  weight  Umltatloo*, 
it  was  foend  aeceenary  to  restrict  aMsn*  of 
tmponlng  climatic  enrlrcamegte  to  the  sim¬ 
plest  form  posstols.  Th*  nwans  seolesd 
conslntsd  simply  of  wrapping  conrsnUonal 
tnsnlatloe  material  around  the  tone  npeclmsn 
ami  pammatlag  this  material  with  heating  or 
nswHng  flnid,  as  the  ease  dsaunded.  %aM 
llmltatian  farther  dictated  that  hot  and  cold 
nald  be  stored  ontslds  to*  accelerator  and 
be  piped  throngh  swtvels  to  the  desired  area 


of  heating  or  refrigeration.  Snne  additional 
modification*  of  th*  accelerator  were  found 
to  be  rsfalred  to  perform  this  nmctloo  but 
inltu  piaanlng  proved  the  feasUMUty  of  the 
general  scheme. 

BQmpMKMT  aacssncATioK 

AMD  DESKSf 

Removal  of  tto  accelerator  sptUal  aystom 
and  replacement  with  SOOC-psl  stainless  steel 
line*  and  swivels  for  conveying  climatic  con¬ 
trol  Child  wa*  on*  of  th*  first  accslsrator 
modifications.  Sonw  dtfficulty  wns  aagtort- 
enced  wMh  performance  of  swivels  in  thla 
servica  and  the  problem  dsmanded  tetselflu 
dsslgu  effort  for  solutloak  An  oulgrowto  of 
this  effort  hns  been  a  si^ertor  swivel,  which 
cannot  be  dtscusssd  in  this  paper  bscanne 
patent  protection  has  not  yet  been  sMntostL 
It  will  Bufitce  to  say  that  the  resultant  system 
has  proven  to  be  highly  aatisiaetory. 

Other  modlfieatlons  mad*  to  the  aecslar- 
ator  Inclatod  ratshig  of  tba  protoettve  snclo- 
■ure  aide*  (Fig.  2),  roiaforeemant  of  th* 
b*am  to  inermuM  toratonal  stWfn*— ,  and  th* 
replacemsnt  of  niataml  operatton  wtth  aervo 


Fig.  2  -  Vibration  normal  to  caatrlfugal  vc^Mleratia*  ads 
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controL  AdoltioiKl  ■Up  rlofi  war*  InataUad 
to  percoit  man  eztenalvv  Uwtnuoauti.ttoo, 

■od  tfw  vlrlof  waa  clmiifed  to  allow  oparatioo 
at  higher  temparaturaa.  Ilia  fhanja  to  ra- 
mcte  control  wma  inada  Moasaary  by  tha 
Laboratory  Satety  claaatflcatloB  at  tha  hteiUty 
aa  "danseroua.” 

Aa  tu:  aa  atiactural  Integrity  of  tha  ▼!- 
toatton  axcltera  waa  soocamad,  no  major 
prohlama  with  tha  IS-g  auatalaad  accalar- 
atlon  ragolramont  cf  tha  doalgn  praoapte 
wara  aavialonad.  A  yoka  Aarlea  (ftg.  3) 
waa  daol^wd  wd  htbrlcated  to  ateap  the 
■hakara  togethar  at  c.g.  locattoaa,  both  to 
avoid  lavoaliif  momant  loada  apoa  tha  baam 
IncldMital  to  tba  Impoaltloo  at  auDteinad 
acealarmtlon  and  aleo  to  aaaara  almpUclty 
ot  tha  ^aaffilc  ayatam.  a  maana  at  pre- 
atraaatag  tha  acoaiaratar  baara  In  bandbig 
waa  alao  Incorporated  la  tha  daalgn  ot  thla 
■trap  lor  batter  control  of  toad  paths.  A 
final  modlflcatlon  conalatod  of  tha  radaalpi 
of  vlbratloa  aacltor  cradlaa  to  provlda  a 
maana  of  mora  poaltlya  lockiag  la  a  glvan 
oriantetlon  and  alao  to  lower  tha  c.t.  aa 


much  aa  poaalbla,  again  for  mlnlmlaatlon 
of  cantrlfagal  load  la  tha  beam. 

A  prohlam  of  major  concarn  caaaad  by 
the  ImpotuUoo  of  vibration  and  atea^y-atate 
acceleration  In  the  aame  axla  waa  tha  pro- 
Tlalon  o!  a  for  kaaplng  tha  “***’""*• 

armature  cantered  In  Ita  magaatle  flald. 
Conrrantlonal  Oaxuraa  are  dislgaDu  tar  per¬ 
forming  thla  functloo  under  normal  gravlta- 
tlanal  loading  only.  Tha  flexnraa  for  the 
Intended  apfdlcatlon  wara  required  to  have 
a  range  of  atlll&aaa  aoma  fifteen  tlmaa 
greater  than  that  raqalrad  tor  normal  opar- 
atlott  and  to  be  atjjaatoble  over  tha  entire 
range  of  vibration  and  accalaratlon  waU. 

It  waa  decided  that  pnavmatic  ^trlnga  oflarad 
the  oeat  means  of  providing  tea  daairsd 
range  of  adjustability.  Actuatora  auMnbla 
for  this  ap^catlon  wara  adapted  in  accord¬ 
ance  with  tha  daalgn  procedure  of  Appendix 
A.  A  modlficaUaii  arising  from  tha  chatea 
of  actuators  waa  the  removal  of  dti  vibrator 
dagauaalng  coUa  to  provide  apace  for  naonm- 
ing  of  tha  pneumatic  cylinders,  ngure  I 
■hows  the  axcltera  mounted  for  conxlal  vi¬ 
bration  and  the  actuatora  in  uaa. 
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FACIUTY  SHAKEDOWN 

After  all  major  deeigD  and  modification 
probleme  were  resolved,  a  series  of  tests 
Was  planned  to  prove  design.  Figure  2  shows 
the  assembled  Ibclllty  ready  for  tiie  first 
shakedown  test  Wth  the  ’.dbratlon  exciters 
oriented  as  shown,  with  the  combined  system 
Instriunented  with  strain  gages  as  described 
In  Ajgwndlx  C,  and  without  operating  the 
shakers,  the  accelerator  was  rotated  and 
refidlngs  of  load  data  were  taken  In  single  g 
iWcirements.  As  will  be  seen  In  fig.  Cl,  the 
prestress  beam  load  la  neutraliaed  by  cen¬ 
trifugal  action  In  accordance  with  the  re¬ 
quirement  set  forth  in  the  preliminary  anal¬ 
ysis.  The  stress  recorded  In  tite  straps  was 
well  below  design  limits. 

The  procedure  described  above  v/as  re¬ 
peated  with  the  shakers  oriented  for  coaxial 
vibration  as  shown  In  Fig.  2.  Loads  were 
considerably  greater  for  this  case  since  the 
radius  of  gyration  as  measured  to  the  shaker 
armature  decreased  while  the  distance  to  the 
c.g.  of  the  exciter  remained  cmistant  Hot  < 
ever,  total  loads  were  still  within  the  safe 
operating  limits  of  the  tie  rods. 

The  facility  was  new  ccasldered  ready 
for  dynamic  study  under  conditions  of  the 
slmttltaasoas  api^catlon  of  vibration  and 
linear  acceleration.  For  this  purpose,  the 
beam,  tie  rods,  and  qieclmen  Jlp  were  In¬ 
strumented  with  acceleronwters  to  permit 
detection  of  resonant  rasponse,  and  the  syi- 
tem  was  sst  In  operation.  Initial  data  were 
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extremely  noisy  because  of  ground  loop  and 
line  bundling  problems. 

One  source  of  noise  was  identilled  as  a 
voltage  induced  by  the  magnetic  field  of  the 
shaker  as  It  passed  the  Instrumentation 
terminal  str4i.  Figure  4  Is  a  schematic 
presentation  of  the  configuration  which  pro¬ 
duced  this  problem.  It  also  shows  how  the 
difficulty  was  corrected  by  rerouting  the 
coll  hot  wire  to  induce  opposing  voltages  In 
two  lap  of  tbs  looped  Instrumentation  line. 
Inotrummitatlon  slgnale  were  further  Im¬ 
proved  by  providing  maximum  separation 
between  power  leads  and  Instrument  leads. 

Vibration  data  taken  in  the  course  of 
facility  shakedown  showed  dynamic  response 
throu^cut  the  range  of  operational  frequency. 
Violent  response  was  noted  at  several  fre¬ 
quencies  below  25  cp.e,  but  in  pwral  the 
response  above  this  frequency  was  easily 
controlled  by  the  test  operator.  A  check  of 
system  simplicity  aga'nst  the  analysis 
(Appendix  B)  showed  good  agreement 

Checkout  of  the  pneumatic  spring  fixtures 
on  the  vibration  exciters  was  successful  with 
minor  modifications.  Some  mlsallgnmant 
between  the  armature  and  spring  sxna 
bladlni  of  pinion  rodn  initially,  bat  tha  Inntnl- 
latlon  of  salf-allgDtng  rod-end  tiaarlngn  cor¬ 
rected  this  diflitmlty. .  The  only  OOmr  pnb' 
lem  wen  dot  to  anannlve  frieUen  of  plntoc 
0-rlngs.  Thla  Bliaatfon  was  etfily  eormta^ 
by  removing  two  of  tbrae  0-ringn  on  the 
piston.  Suceain  in  the  ust  of  diene  pneumatic 
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Fig.  4  -  Induced  voltage  cauied  by  shaker  magnetic  field 
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springs  foi  ceateiing  tb«s  arciature  In  its 
magnetic  field  at  all  sustained  accelerative 
loads  to  IS  g*  8  confirmed  the  design  pro¬ 
cedure  of  Appraidix  A. 

Provisions  for  remote  control  (Figs.  5 
and  8)  proved  tc*  be  highly  satisfactory. 
Control  of  accelerator  load  to  within  a  tenth 
of  one  gravity  permitted  good  load  regulation, 
and  vlbraticHi  sensed  at  the  shaker  armature 
could  be  controlled  with  the  same  accuracy 
either  with  or  without  the  influence  of  sus¬ 
tained  acceleration.  That  is  to  say,  inso&ir 
as  vibration  cmitrol  was  ccmcerned,  that 
operation  of  the  accelerator  had  no  deleteri¬ 
ous  effect 


COMMENTS  AND  CONCLUSIONB 

The  equipment  Just  described  has  demon¬ 
strated  its  importance  to  qualificaticc  testing 
throughout  the  past  year.  Its  operational 
versatility  in  the  combination  of  environments 
has  been  shown  to  be  a  material  contribution 
to  tos  continuing  effort  toward  more  faithful 
reproduction  of  tactical  envir<mm»nts  in  the 
Laboratory.  Its  sise  lends  itself  well  to  the 


testing  of  many  components  and  small  assem- 
blies  and,  althou^  it  has  not  to  date  been 
used  as  a  portable  unit,  its  convertibility, 
in  accordance  with  the  design  precis, 
makes  possii  e  this  highly  desirable  use. 

The  convertibii/.ty  feature  also  permits 
other  than  cctobined  testing  use  of  all  ele¬ 
ments  of  equlpmeift  Integrated  into  this  test 
unit  Facility  rentals  required  to  be  absorbed 
by  test  costs  are  therefore  less.  Contbined 
testirig  is  very  expensive  at  best,  but  it  is 
aiqinrent  that  the  use  of  convertiiale  equipment 
results  In  minimum  combined  test  equipment 
rental  and  lower  test  cost. 

Sloe  limilatiwiis  are  found  to  contribute 
both  favorably  and  unfavorably  to  use  of  the 
facility.  A  costwise  advantage  Is  realized, 
of  course,  from  the  minlmiaatioii  of  ^MCimen 
size  range,  since  the  use  of  a  small  facility 
for  testing  small  qiecimens  is  economical. 
This  becomes  a  serious  disadvantage  in  any 

dun?  MfPqpWAAUOM  OMPO  «MrW«a0 

capability.  Needs  in  this  regard,  pertinent 
to  a  given  application,  are  worthy  of  careful 
stu4y. 

The  facility  which  resulted  from  the  effort 
described,  has  been  found  to  be  close  to 


7ig.  5  -  Control  and  inatrumontatlon  panel 
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Fig.  6  -  Vibration  power  supply  and  control  console 


optimum  deulgn,  in  terms  of  the  above  con- 
alderationa.  Although  eeveral  testa  have 
been  rejected  upon  the  basis  of  facility  sine 


limitation,  the  equipment  has  been  almost 
completely  occupied  since  Its  completiae 
and  is  scheduled  heavily  for  future  work. 


APPENDIX  A 


DESIGN  OF  A  PNEUMATIC  SPRING 

The  geometry  of  a  pneumatic  spring  is 
shown  in  Fig.  Al,  where, 

R  ■  radius  to  centrifuge  center, 

u  -  mass  ot  shaker  armature.  Jig, 
specimen,  etc., 

-t  >  piston  slearance 

-{q  static  (mean  dynamic)  piston 
clearance, 

Pq  -  static  (mean  d3mamlc)  cylinder 
pressure, 

A  B  piston  area, 

F  B  rsKtrifugal  force  asw*, 

B  B  rotational  veloctty  2w(rpB!)/60. 


If  a  polytropic  dynamic  process  is 
assumed,  then 

PV"  ■  constant, 

p  X  instantaneous  pressure, 

V  B  inetantaatous  volume, 

n  B  polytropic  process  coefficient 

By  differentiating, 

PnV"'‘  dV  +  V"  dP  =  0  . 

P  ndV  +  V  dP  =  0  . 

-  III, 

dV  “  "  V  ■ 
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Fig.  A1  -  Schematic  of  pneumatic  spring 
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aad  referencliig  to  mean  preimire  and 
cloarance, 


“  0 

For  the  ranije  of  audio  frequencies,  an 
adiabatic  process  may  be  assumed  This 
assumption  also  applies,  without  serious 
error,  in  the  range  of  frequencies  to  5  cps. 
Employing  a  value  of  n  ■  1.4,  an  eipressioo 
usehil  for  design  purposes,  from  tha  above 
derivation,  is  as  follows: 


Pc  A 


1.4 


3650 


R (rp«)* 


The  spring  may  be  designed  in  teriuS  of 
limiting  dimensions,  available  actuators 
which  may  be  employed  as  cylinders,  etc. 
The  proceflure  is  to  select  values  of  nou- 
crltlcBl  parameters  which  are  compatible, 
in  terms  of  the  above  expression,  with  those 
which  are  fixed  or  sharply  restricted  in 
range.  Simple  system  natural  frequency, 
proportional  to  the  square  root  of  this  quan¬ 
tity,  should  be  kept  below  10  epe  for  this 
application  11  poaaible. 


APPENDIX  B 


ACC-LERAltlR/SHAiCER  SYSTEM 
RESPfX^SE  PREQUENCBS 

Fifura  Bia  ahowt  the  principal  features 
of  tbs  accelerator /shaker  syatem  for  shaker 
orientation  In  the  axis  normal  to  that  of  the 
accelerator  arm.  A  similar  schematic  ap¬ 
plies  for  shaker  orientation  in  the  axis  par- 
aiiei  to  that  of  the  accelerator  arm.  Flipire 
Bib  aliOWB  a  simplification  considered  to  be 
valid  in  consideration  of  the  system  and 
anticipated  forcing-function  symmetry. 

Moto  that  this  almpliflcati(m  combines  strap 
■tlffbeaa  and  that  of  the  beam  into  one  ppring 
constant  This  ie  done  since  it  is  not  ex¬ 
pected  that  value  will  need  be  obtained; 
the  analysis -behig  in  terms  of  sipifioant 
froqueuelrS.  Figaro  Etc  bSiowe  tht  squiva- 
lent  two -degree-of -freedom  system  eipployed 
as  an  analytical  model.  This  analysis  pro¬ 
duced  a  determinant  as  follows: 


where 


3  J 
-  “n 


"12 


‘"12  "2*  -  "n 


0. 


^12  =Tr 


kj  kj 


I  ^  ‘‘2 


(b)  Simplified  schematic  of  above  ayatem 


(c)  Anailytical  model  of  above  syatem 

Fig.  B1  -  Geometry  and  aiaalytical  model  of 
the  accclerator/ahait.er  ayatem 
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k  1.  2 

2  _  12  4  ^2 

^  2 Z —  •  ‘^1->  -  -  • 

'  nij  J2  nij  fiij 

This  determinant  may  be  expanded  to  the 
form  of  a  quadratic  as  follows: 

“n*  =  i  (“2*  ^  *  ]Ij  (‘^1  -  ‘^l)  ♦  <^12 


In  this  form,  It  Is  convenient  to  insert  ob¬ 
served  frequencies  for  Identiflcfltton  and 
verification  of  deslp  assumptions  embrac¬ 
ing  system  simplicity,  constituent  stiffness, 
etc. 


APPENDIX  C 


DETERMINATION  OF  MINIMUM 
PRELOAD  FOR  CENTRIFUGE 
BEAM 

As  noted  in  the  body  of  this  paper,  a  yoke 
device  was  designed  to  counteract  the  severe 
loading  of  the  centrifuge  beam  which  would 
result  if  the  forces  acting  on  the  vibration 
exciters  under  sustained  acceleration  were 
reacted  by  the  beam  only,  lu  order  to  de¬ 
termine  the  minimum  preload  in  the  yoke 
system  which  allowed  safe  opei^atlon  of  the 
system  at  IS-g  sustained  acceleration, 
strain  gages  and  load  transducers  were 


Installed  on  the  centrifuge  beam  and  load 
straps  of  the  yoke  device  so  that  preload 
and  bending  stress  in  the  beam  was  read 
as  the  centrifuge  rotated. 

Tbe  strain-gap-type  load  transducers 
installed  on  the  load  straps  cf  the  yoke  were 
calibrated  by  loading  in  a  universal  testing 
machine  and  recording  strain  readings  vs 
load  throughout  the  usable  range  of  the 
straps.  The  beam  stress  was  measured  by 
installing  eight  A-7  type  strain  pps  at 
critical  locations  on  tte  beam  structure  as 
shewn  in  Fig.  Cl 


Fig.  Cl  -  Strain  gage  location  and  stress  curves 


SHAKER  VERT; - 

SHAKER  H0RI7- - 
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During  the  tests  to  determine  the  mini¬ 
mum  preload  requirements,  all  strab  gage 
and  load  instrumentation  was  set  to  zero 
readings  with  the  yoke  device  unloaded  and 
the  centrifuge  not  rotating.  Prior  to  sUrting 
the  centrifuge,  the  yoke  was  Ughtered  to 
approximately  2000  pounds  load,  and  all 
instrumentation  readings  were  recorded. 

The  centrifuge  was  then  rotated  at  various 
^eds  between  sero  and  that  which  produced 
16  g,  and  all  iutrutnfintfttiofi  readingc  were 
recorded  at  each  speed.  At  the  conclusion 
of  the  test,  the  beam  stress  vs  acceleration 
curves  were  plotted  and  examined  to  verify 


the  loading  characteristics.  A  typical 
stress-acceleration  curve  is  shown  in 
Fig.  Cl. 

It  can  be  seen  from  the  curve  in  Fig.  Cl, 
that  the  beam  Is  deflected  upwards  by  the  ' 
preload  and,  as  the  centrifugal  load  is  In¬ 
creased,  the  stress  in  the  beam  approaches 
a  balanced  condition  at  approximately  16  g. 
With  this  preload,  the  beam  is  therefore 
subjected  to  a  minimum  bending  stress  at 
the  actual  operating  i5)e€d.  This  condition 
of  operation  agrees  with  requirements  of 
the  design  precepts. 


DISCUSSION 


wr.  Johnston  (Western  Electric  Co.)-  I 
have  three  que8ti6ni:"0ne,  what  did  you  find 
in  your  test  results  that  would  have  been 
different  from  the  testing  In  the  individual 
environments?  Two,  did  you  have  to  provide 
any  special  protection  to  the  shaker  because 
of  the  additional  side  thrust  stress  you  placed 
on  It  ?  And  three,  how  did  you  choose  the 
planes  of  vibration  and  sustained  accelera¬ 
tion?  We  normaUy  test  in  the  three  different 
planes  for  vibration  and  In  two  directions  in 
each  of  those  three  planes  for  a  sustained 
acceleration.  How  do  you  mix  these  up  and 
what  results  did  you  get? 

Mr.  Hendrix;  If  I  may  work  backward  and 
answer  number  three  first,  the  choice  of 
axes.  This  was  of  our  own  choice,  because 
the  beam  showed  Itself  to  be  very  weak  in 
torsion.  If  the  shaker  was  oriented  for  tan¬ 
gential  vibration  In  regard  to  the  beam,  then 
this  would  give  us  our  maximum  torsional 
loads,  This  we  decided  to  do  without  As  it 
turned  out,  all  our  components  so  far  have 
been  symmetric  and  we  can  get  the  third 
axis  by  changing  a  fixbire  rather  than  reori¬ 
enting  the  shaker.  Question  number  two,  I 
believe,  was  the  side  loads.  One  thing  that 
did  arise  was  that  the  velocity  coils  of  the 
shaker  did  get  Uils  side  load,  and  we  removed 
them.  And  question  number  one,  here  I  don't 
know  if  we  can  reach  definite  conclusions. 

We  did  ona  Job  for  an  outside  concern  that 
had  claimed  to  go  up  to  40  g  In  cold  environ¬ 
ments  with  no  sign  of  failure,  with  26  g's  of 
vibration  and  15  g's  of  acceleration  com¬ 
bined.  We  failed  four  out  of  four  units.  The 
exact  reasons  for  failure,  we  don't  know. 

This  is  up  to  the  customer, 

iAr.  Griffith  (Bendlx  Aviation);  Did  you 
consider  using  hydraulic  shakers  at  all  ? 


♦  * 


Mr.  Hendrix:  Yes,  we  did.  One  of  oui' 
groundrulee  was  that  we  tried  to  use  our 
own  equipment.  We  do  not  have  a  hydraulic 
shaker ,  We  did  approach  Wiley  Test  Labo¬ 
ratories  on  the  West  Coast,  but  their  asking 
price  for  their  small  hydraulic  shaker  was 
way  beyond  our  means. 

Mr.  Griffith:  What  was  the  maximum 
specimen  else  that  you  tested? 

Mr.  Hendrix:  The  maximum  In  our  case 
has  been  up  to  this  date  one  and  a  half  pounds 
actual  specimen.  We  have  been  up  to  four 
pounds  including  the  jig. 

Mr.  (U.  8,  Naval  Avionics  Facility): 
Do  yo-a  have  any  daLi  cr  information  on  cross 
talk? 

Mr.  Hendrix:  Yes,  we  do.  Itlsnotpre- 
sented  in  this  paper ,  but  in  oome  of  the  pre  - 
llminary  runs  we  inotrumented  the  Jigs  for 
cross  talk  and  we  don't  feel  that  you  get  any 
more  than  you  would  normally  get:  this  de¬ 
pends  on  fixture  design. 

Mr.  Shipley  (Jet  Propulsion  Laboratory) : 

I  have  a  comment  concerning-  the  value  of 
this  combined  envlronciant  testing.  It  seems 
to  me  this  would  be  extremely  valuable  for 
testing  inertial  components.  We  found  some 
very  significant  differences  in  the  perform¬ 
ance  of  an  accelerometer  just  due  to  a  skewed 
amplitude  distribution  in  shaking.  The  rec¬ 
tification  characteristics  were  entirely  dif¬ 
ferent.  I  imagine  the  same  thliig  would  come 
out  In  a  combined  test  like  this. 

Mr.  Hendrix:  The  wave  xorms  through  the 
complete  range  of  frequency  looked  pretty 
well,  although  I  believe  temi.'eratures  prob¬ 
ably  bother  It  more  than  the  acceleration,  or 
anything  like  that 
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HYDRODYNAMIC  IMPACT  TESTING  OF 
A  RADIOMETRIC  SEXTANT  RADOME 

S.  Leonard  Spitz 

Allied  Research  Associates,  Inc. 

Boston,  Massachusetts 


A  new  method  has  been  established  for  water-impact  testina  of  those 
devices  subject  to  hydrodynamic  loading.  The  appropriate  test  struc¬ 
ture  18  described  as  it  specifically  relates  to  the  hydrodynamic  loading 
01  a  radiometric  sextant  radome.  Instrumentation  capability  of  the  test 
structure  especially  with  reference  to  the  radome  is  discussed.  Data 
recorded  auring  the  radom*  test  program  are  presented  and  analyzed. 
Both  the  structural  integrity  of  the  radome  under  simuUted  hydrody¬ 
namic  impact  loads  and  that  of  the  teat  structure  are  verified. 


INTRODUCTION 

The  radar  antenna  for  a  radiometric  sex¬ 
tant  navigational  aid  for  new  submarines  is 
to  be  encapsulated  in  a  radome  which  is  sup¬ 
ported  by  a  retractable  mast  and  extends  to 
position  the  radome  above  the  surface  of  the 
sea  when  navigational  data  are  required. 

The  radome  employed  for  the  antenna  en¬ 
closure  must  be  capable  of  withstanding  the 
hydrodynamic  wave-impact  loads  associated 
with  heavy  seas  without  structural  failure 
and  without  excessive  deflections  which 
would  cause  spurious  signals  and  concomi¬ 
tant  navigalion^  errors.  In  addition  of 
course,  the  radome  must  be  capable  of  fab¬ 
rication  within  the  cloee  tolerance  bore- 
sight  limits  prescribed  for  satisfactory 
an.tenna  operation. 

Allied  Research  Associates,  Inc.  has 
been  engaged  ir,  a  program  to  develop  the 
test  equipment  and  to  conduct  such  tests  as 
are  necessary  to  determine  the  stresses  and 
deflections  produced  in  radomes  by  tiie  hy¬ 
drodynamic  I'oadii^s  associated  with  various 
water-impact  conditions.  The  wave-impact 
loadings  associated  with  particular  sea  con¬ 
ditions  were  simulated  by  attaching  the 


radome  to  a  pendulum  which  was  raised  to 
predetermined  iieigfata  sad  alknred  to  fall, 
thereby  Impacting  the  radome  oo  the  surface 
of  a  body  of  water.  Different  wave-impact 
conditions  were  simulated  by  releasing  the 
pendulum  from  various  heights.  Sufficient 
inertia  is  incorporated  in  the  pendulum 
through  a  mass  attached  to  the  free  end  to 
preserve  the  impact  velocity  within  5  percent 
during  radome  water  penetration.  The  ra¬ 
dome  was  instrumented  so  as  to  measure 
radome  deflection,  radome  stress,  imposed 
water  pressure,  the  total  moment  and  lift 
and  drag  forces  on  the  radome,  the  speed  of 
impact,  and  the  radome  intern^  pressure. 

Because  of  the  Ixu-ge  system  inertia  and 
the  concomitant  high  system  energy  required 
to  preserve  the  entrance  velocity  within  5 
percent  of  its  initial  value,  it  would  have 
been  extremely  difficult  and  costly  to  stq) 
the  radome-carrying  pendulum  by  mechani¬ 
cal  means  after  water  entry.  However,  cal¬ 
culations  showed  that  hydrodyiuunic  braking 
could  be  efficiently  accomplished  by  the  use 
of  a  triangular  shaped  member  (entering  the 
water  apex  first)  at  the  end  of  the  pendulum. 
Accordingly,  the  inertia  providing  ballast  is 
wedge-sha^d  and  it,  together  with  the  buoy¬ 
ancy  of  the  pendulum,  was  designed  to 
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arreat  tte  strorture  within  20  feet  of 
water  penetration. 

To  obtain  the  desLred  inqiact  velocities 
associated  with  a  State  5  Sea  (42  -7  fps)  a 
drop  height  of  at  least  34  feet  was  needed. 
The  sise  of  the  necessary  test  pecdhiluin 
obviously  required  an  outdoor  test  installa¬ 
tion.  A  study  of  possible  test  sites  showed 
abandoned  flooded  quarries  to  be  almost 
ideal.  Such  quarries  provide  a  natural 
foundation  for  the  Installation  of  the  test  rig, 
and  the  depth  of  water  is  sufficient  to  pre- 
etude  reflection  effects  and  to  bring  the  pen¬ 
dulum  to  rest  after  radome  penetration  but 
before  contact  with  the  bottom.  Nelson's 
Quarry,  which  Allied  Research  selected  for 
the  program,  is  located  in  CRoucester, 
Massachusetts.  It  has  good  accessibility,  an 
ideal  rock  ledge  34  feet  high,  and  a  water 
depth  varying  from  40  to  100  feet.  A  photo¬ 
graph  of  the  quarry  is  shown  in  Fig.  1. 


DESCIUPTIW  OF  PHOTOTYPE 
RADOME 

The  radome  chosen  as  the  prototype  of 
that  which  is  to  be  Installed  on  the  new 


submarines  Is  made  of  layers  of  Number  181 
Volan  fiberglas  cloth  (per  Mil  P-8013C)  and 
Number  838  Resin  (per  Mil-R-93(K>A).  S  is 
essentially  cylinder  30  inches  laig  capped 
on  one  end  with  a  hemisphere  and  mounted 
on  the  other  end  to  a  conic  base.  The  final 
thickness  of  the  laminate  is  approximately 
0.380  inch.  Although  Inherently  rigid,  the 
radome  was  internally  pressurized  to  75  pslg 
to  further  insure  its  stability. 

To  determine  whether  the  mechanical 
properties  of  the  fiberglas  fell  within  the 
range  specified  in  Ref.  (1),  standard  tensile 
specimens  were  prepared  and  subjected  to 
axial  loading  in  tension  until  fracture.  A 
typical  stress  strain  diagram  is  shown  in 
Fig.  2  and  the  modulus  of  elasticity  from 
E  =  s/s  was  found  to  be  3.2S9  x  10^  psi. 

This  elastic  modutus  is  in  good  agreement 
with  the  referenced  values. 


DESCRIPTION  OF  TEST  EQUIPMENT 
Test  Structure 

Naval  specifications  require  a  radome  to 
function  satisfactorily  when  exposed  to  the 


Fig.  1  -  NaUon's  Quarry,  Gloucester,  Maeeaebueette 
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hydrodynamic  loadings  associated  with  a 
moving  mibmarine  operating  in  a  State  5  Sea. 
The  wave  velocity  characterised  by  the  State 
S  Sea  together  with  the  operating  velocity  d 
the  submarine  define  the  relative  velocity 
between  the  radome  and  the  wave  as  42.7  fpe. 
The  test  equipment  therefore  Is  required  to 
simulate  this  velocity  both  at  Impact  and 
daring  penetration  of  the  radome  into  the 
water. 


The  final  design  concept  of  the  drc^-test 
structure  is  illustrated  In  Fig.  9.  The  ra¬ 
dome  was  to  be  mounted  to  a  pendulum  which 
would  be  raised  to  various  heights  and  al¬ 
lowed  to  drop,  thereby  Impactlnf  the  radome 
on  the  surface  of  a  body  of  water.  The  struc¬ 
ture  consisted  of  four  primary  members,  vis: 
the  main  pipe  acting  as  the  peodulnm  and 
contributing  buoyancy  to  the  strueturs;  the 
hinge  by  meana  of  which  the  pendulum  was 
attached  to  the  quarry  wall  while  providing 
the  axis  of  pendulum  rotation;  the  we4|e  to 
contribute  both  the  inertia  mass  for  main¬ 
taining  Impact  velocity  during  watsr  penetra¬ 
tion  and  also  to  absorb  together  with  the  pen¬ 
dulum  buoyancy  the  high  S3rstem  energy  and 
so  arrest  the  structure  after  water  entry; 
the  support  beam  providing  a  rigid  cantilever 
support  for  the  radome.  The  two  secondary 
members  were  the  eting  balance,  an  instru¬ 
mented  pipe  for  measuring  total  forces  and 
the  instrument  support  structure  within  the 
radome.  However,  the  actual  choice  of  ma¬ 
terial,  aiie  of  primary  and  secondary  mem¬ 
bers,  method  of  Joining  members,  wettye 
inertia  mass  were  all  In  whole  or  in  part 
dependent  upon  the  loadings  la^wsed  upon 
the  radome  and  wedge  as  they  Isqmeted  the 
water. 


Fig.  3  -  Field  teet  area 


The  hydrodynamic  forces  on  the  radome 
and  the  wedge  were  predicted  by  calculations 
based  on  the  work  described  in  Ref.  2.  The 
expression  for  the  impact  force  of  a  body 
penetrating  the  surface  of  a  liquid  at  constant 
velocity  in  terms  of  the  virtual  mass,  as¬ 
sumed  to  be  variable  is 

Fi  =  V/  .  (1) 

where 

F)  >  the  hydrodynamic  force, 

A  -  the  cross-sectional  area  normal 
to  the  applied  force, 

(Cj)  =  a  semiemplrlcal  force  coefficient 
*  and  is  a  function  of  the  dead-rise 
angle  p  and  the  shape  of  the  pene¬ 
trating  mass, 

P  =  the  fluid  density, 

=»  the  impact  velocity. 

A  curve  of  hydrodynamic  loading  on  the 
radome  as  a  function  of  penetration  time 
after  Impact  is  shown  in  Fig.  4.  It  may  be 
seen  that  the  predicted  maximum  force  with 
the  radome  impact  velocity  of  42.7  fps  is 
81,000  pounds  occurring  0.01  seconds  after 
impact.  Solution  of  wedge  loadings  is  simi¬ 
larly  obtained  by  Eq.  (1).  An  iterative  pro¬ 
cedure  is  utilized  for  the  final  wedge  design 
whereby  having  chosen  the  shape,  dimensions 
are  assumed  and  attendant  loafte  calculated 
until  the  final  geometry-load  configuratlmi 
is  compatible  with  the  strength  capability  of 
the  main  pipe  and  the  inertia  mass  required 
for  maintenance  of  Impact  velocity  during 
penetration.  The  maximum  predicted  force 
on  the  wedge  was  230,000  pounds. 

To  absorb  these  large  predicted  hydrody¬ 
namic  loads  without  failure,  the  pendulum 
was  fabricated  from  United  States  Steel  T-1 
(tensile  strength  of  118,000  psi)  into  a  pipe, 

48  feet  long  and  3  feet  in. diameter.  The 
wedge  cross  section  is  an  isosceles  triangle 
with  an  altitude  of  5  feet,  a  base  of  7.5  feet 
and  having  an  over-all  length  of  8.5  feet. 

The  total  weight  of  the  entire  structure  is 
16,710  pounds  and  is  carried  by  the  binge, 

5.5  feet  high  and  6  feet  long,  which  in  turn 
is  bolted  to  the  quarry's  granite  wall  with  84, 
1-1/8- inch  diameter  bolts.  A  photograph  of 
the  struebire  as  it  is  installed  is  shown  In 
Fig.  5. 


Auxiliary  Equipment 

To  lower  the  drop*  test  structure  to  a 
predetermined  position  in  preparation  for  a 
free  fall  and  for  retrieval  after  a  fall,  a 
30,000-pound  capacity,  donkey  engine  driven 
winch  was  attacted  oa  the  upper  level  of  the 
quarry  and  to  the  rear  of  the  pendulum  with 
a  steel  cable  3/4  inch  in  diameter  ccmnect- 
Ing  the  pendtilum  to  the  winch  drum.  To  ini¬ 
tiate  the  drr>p,  a  remote-control  cable  cutter 
was  hung  from  the  pendulum  and  in  cutting 
position  wfiS  attached  to  the  winch  cable. 

The  cutter  derived  its  energy  from  an  ex¬ 
ploding  crxtridge,  electrically  fired  and  re¬ 
motely  energized.  A  work  platform  was 
cantilevered  over  the  top  edge  of  the  cliff 
for  easy  access  to  the  radome  and  a  second 
was  attached  to  the  wall  near  the  hinge. 


Instrumentation 

T?ie  radome  was  instrumented  so  as  to 
mea'iure  radome  deflection,  radome  stress, 
imposed  water  pressure,  the  total  moment 
and  lift  and  drag  forces  on  the  radome,  the 
speed  of  impact  and  the  radome  internal 
pressure.  Stress,  deflection,  and  pressure 
measurements  were  made  at  such  stations 
on  the  radome  as  are  required  for  reason- 
'ible  determination  of  the  maximum  values 
of  these  quantities  and  their  distribution  in 
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the  vicinity  of  the  maximum.  The  majority 
of  the  pressure,  deflectloa,  and  stress  meas¬ 
urements  were  made  on  the  Impact  side  of 
the  radome.  Some  measurements  were  also 
made  at  the  side  and  rear  of  the  radome.  It 
should  be  noted  that  since  the  radome  is 
geometrically  symmetrical  about  the  plane 
D-D  (Fig.  6)  a  symmetry  of  pressure,  stress, 
and  deflection  measurements  about  t^  plane 
was  expected.  This  symmetry  has  been  uti¬ 
lised  to  minimise  the  number  of  transducers 
that  were  used.  A  complete  pressure,  stress, 
and  deflection  survey  was  made  oit  one  side 
of  the  plane  D-D  centerline  and  only  pilot, 
correlative  measurements  on  the  other  side. 
Radome  deflections  were  measured  by  self- 
aligning  translatory  potentiometers  whose 
shafts  were  attached  to  the  radome  skin  and 
whose  bodies  were  connected  to  a  central 
instrument  carrier  within  the  radome  as 
shown  in  Fig.  7.  A  placement  pattern  of  the 
potentiometers  is  shown  in  Fig.  6.  The 
potentiometers  employed  were  a  modifica¬ 
tion  of  a  standard  translatory  potentiometer 


manufactured  by  Technology  Instrument  Cor¬ 
poration  that  Allied  Research  has  redesigned 
to  withstand  the  anticipated  acceleration 
forces  imposed  at  impact. 

The  water  pressure  imposed  on  the  ra¬ 
dome  was  measured  by  using  small,  light¬ 
weight  (0.062  pound)  pressure  transducers 
installed  so  as  to  have  their  pressure- 
sensitive  face  flush  with  the  external  surface 
of  the  radome.  The  locations  of  the  pressure 
transducer  stations  are  shown  in  Fig.  6.  The 
pressure  pickups  that  were  used  for  impact- 
pressure  measurements  and  for  monitoring 
the  radome  internal  air  pressure  are  Con¬ 
solidated  Electrodynamic  Corporation's 
Model  4-312A. 

Stresses  were  measured  on  the  rigid  ra¬ 
dome  with  conventional  Baldwin- Llma- 
Hamllton  strain  gages.  Two-gage  rosettes 
with  the  gages  placed  at  right  angles  to  each 
other  were  used  at  the  locations  shom  in 
Fig.  6  and  the  gages  were  cemented  directly 
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Fig.  7  -  Radome  "string"  balance 


to  the  Interior  skin  surface  of  the  fibergia/s. 
The  angular  displacement  and  velocity  of  the 
pendulum  were  measured  by  an  Ohmlte  Type 
R-500-watt  rotary  potentiometer  which  is 
connected  to  the  pendulum  hinge  shaft. 

Fifty  data-recordlng  channels  were  re¬ 
quired  for  the  instrumentation  described 
above.  Of  these,  twenty-two  were  used  for 
strain-gage  data;  twelve  for  external- 
pressure  measurements;  one  for  recording 
internal-pressure  data;  eleven  for  deflection 
measurements;  three  for  net  lift,  moment, 
and  force  as  applied  to  the  sting  balance  and 
support  beam;  and  one  to  record  pendulum 
velocity.  One  sixteen-channel  and  two 
twenty-four  channel  recording  oscillographs 
were  used  to  simultaneously  record  all  data. 
The  amplifiers  and  galvometers  which  were 
used  for  data  recording  have  flat  frequency 


responses  to  3300  cps.  This  insured  an  ac¬ 
curate,  undistorted  record  of  all  imiMct  data. 
The  recording  equipment  was  controlled  so 
as  to  operate  the  instant  the  pendulum  was 
released  and  continued  to  do  so  until  the  pen¬ 
dulum  had  come  to  rest.  A  block  diagram  of 
instrumentation  and  recording  circuitry  is 
given  in  Fig.  9. 


TEST  pr(x:edure 

The  events  describing  a  typical  drop  test 
include  lowering  the  pendulum  by  means  of 
the  winch  to  a  predetermined  height  from 
which  free  fall  would  be  initiated,  balancing 
and  calibrating  all  instrumentation,  remotely 
firing  the  cable  cutter,  and  simultaneously 
starting  the  recording  equipment  which  was 
manually  shut  off  when  the  structure  assumed 
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Fig.  9  -  iBCtrumentatian  and  recording  circuitry 


a  floating  position.  Figure  10  illustrates  a 
typical  drop  sequency  from  drop  initiation  to 
final  flotation. 

To  predetermine  the  drop  height  an  upper 
and  lower  bound  of  impact  velocity  as  a  func¬ 
tion  of  height  was  predicted.  The  upper- 
bound  velocity  is  calculated  from  v  ^  VTTIiT 
the  expression  (or  a  freely  falling  body  in  our 
gravltaUonfd  environment.  The  lower-bound 
velocity  is  an  Inertial  type  calculatlcm  based 
on  the  conservation  of  energies  for  a  pendu¬ 
lum  system  and  is  given  by  p.e.  =  1/2  i<a*. 
The  actual  velocity  of  impact  was  measure 
by  a  rotary  potentiometer  attached  to  the 
hinge  shaft  as  described  above. 


TEST  RESULTS  AND  DATA  ANALYSIS 

A  total  of  nine  drop  tests  was  made  during 
the  field  program  wherein  all  active  trans¬ 
ducers  were  monitored.  The  drop  height 
varied  from  about  3  feet  to  41  feet  providing 
an  impact-velocity  increment  to  maximum 
averaging  3  fps.  The  fundamental  objectives 
of  the  experimental  program,  viz;  measure¬ 
ment  of  radome  deflection,  strain  and  pres¬ 
sure  under  the  hydrodynamic  loadings  asso¬ 
ciated  with  a  State  S  Sea,  were  effectively 
realized. 

Reproductions  of  the  oscillograph  traces 
recording  the  transducer  data  for  that  drop 
test  simulating  State  5  Sea  conditions  are 
shown  in  Figs.  11,  12,  and  13.  The  numbers 
that  may  be  seen  adjacent  to  the  traces  key 
the  particular  trace  with  the  position  of  the 
associated  sensing  transducer  on  the  ra- 
dome.  Velocity  at  impact  and  at  full  radome 
penetration,  hydrodynamic  loading,  radome 
deflection  and  strain  have  been  determined 
by  reducing  the  above  recorded  data  and  re¬ 
ducing  similar  records  taken  during  other 
test  drops. 

The  relationships  between  measured  im¬ 
pact  velocity  and  drop  height  and  a  compari¬ 
son  of  these  results  with  the  upper-  and 
lower-bound  calculations  described  above 
are  shown  in  Fig.  14.  It  may  be  seen  that 
at  relatively  low  drop  heights  having  low 
impact  velocities,  the  measured  velocity 
closely  conforms  with  the  upper-bound 
values;  however,  as  the  drop  height  in¬ 
creases  with  its  concomitant  increase  in 
impact  velocity,  the  measured  velocity  be¬ 
comes  even  less  tii.an  that  predicted  by  the 
lower  bound.  This  may  be  explained  by  the 
fact  that  the  lower-bound  calculations  neg¬ 
lect  tlie  hinge  friction  which  becomes  more 


significant  as  the  drop  height  increases  ahd 
is  most  important  when  the  pendulum  is 
close  to  the  vertical. 

The  hydrodynamic  loadings  were  calcu¬ 
lated  by  means  of  a  dynamic  analysis  based 
(HI  energy  conservation  wherein  the  work 
done  by  the  externally-applied  load  is  related 
to  the  internal  strain  energy  in  the  structure. 
Such  an  analysis  is  described  in  Ref.  (3).  The 
load-time  history  for  the  actual  maximum 
Impact  velocity  of  41.7  (ps  yielded  by  the  dy¬ 
namic  analysis  is  shown  as  a  curve  in  Fig. 

15  contrasted  with  the  predicted  load  pulse 
at  the  same  velocity.  It  is  apparent  that  the 
predicted  values  (or  both  the  load  magnitude 
and  time  pulse  are  conservative  by  a  (actor 
of  about  two.  Maximum  load  on  the  radome 
as  a  function  of  Impact  velocity  is  shown  in 
Fig.  16.  The  curve  shows  the  load  increasing 
exponentially  with  velocity. 

Translatory  potentiometers  measured  the 
deflection  of  tte  radome  due  to  imparted 
motion  from  the  deforming  radome  skin.  The 
position  of  principal  interest  is  the  Impact 
face  of  the  radome.  Figure  17  shows  the 
relatlDnshlp  between  the  deflectlcm  at  this 
point  and  tite  velocity  of  impact.  It  can  be 
seen  that  impact  face  deflection  Increases 
almost  linearly  with  impact  velocity.  A  sur¬ 
vey  of  maximum  radome  deflectioti  with  re¬ 
spect  to  the  position  of  this  deflection  on  the 
radome  was  attempted  for  each  velocity; 
however,  because  of  potentiometer  failures 
insufficient  data  were  recorded  on  the  simu¬ 
lated  State  5  Sea  drop.  A  deflection  distribu¬ 
tion  curve  adiBociated  with  a  radome  impact 
velocity  of  21.5  fps  is  shown  in  Fig.  18.  The 
section  illustrated  refers  to  section  .\-A  from 
Fig.  6  with  the  positions  noted  corresponding 
to  those  on  the  section.  It  can  be  seen  that 
the  radome  deforms  locally  at  the  impact 
face  while  bulging  at  a  point  a'ooat  SO'  away 
from  the  impact  face.  It  also  appears  as  if 
the  deflection  pattern  is  symmetrical  from 
the  similarity  of  deflection  at  positions  9  and 
11.  It  would  be  reasonable  to  expect  this 
deflection  pattern  to  be  reproduced  similarly 
with  an  increase  in  magnitiides  at  greater 
impact  velocities. 

As  a  first  approximation  for  the  determi¬ 
nation  of  radome  stresses  and  assuming  that 
the  direction  of  the  principal  stresses  are 
coincident  with  the  orientuion  of  the  radome 
two-gage  rosettes,  the  equations  associated 
with  membrane  theory  are  utilized.  These 
equations  which  neglect  bending  are  given 
in  Ref.  (4)  as 


150 


MALFUNCTIONING  TRANSDUCERS 


TYRttAL 


Fig.  13  -  Presiure  aad  otraln  data 


TMtO«TIC*L  VELOCITY,  IjOWR  300*10 


(  OATES  REPRESENT  SCHEDULE  OF  DROPS ) 


FINAL  VELOCITY  (  FT  SEC) 


lig.  14  -  Final  impact  velocity, of  radome  vs  calculated  drop  height 
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Fig.  15  -  Hydrodynamic  load-time  history 
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where 


(3) 


a,  and  Oy  =  the  principal  stresses  hi  psi, 

E  »  the  modulus  of  elasticity  in 
psi, 

M  =  Poisson’s  ratio  (0.17  from 
Ref.  1), 


Fig.  16  -  Load  from  the  dynamic  analysis  as  a  function 
of  impact  velocity 


=  the  principal  strains  in 
in. /In.  (The  subscripts  x 
and  y  refer  respectively  to 
planes  perpendicular  and 
parallel  to  the  longitudinal 
axis  of  the  radome.) 

Principal  Btreas-time  histories  associated 
with  the  simulated  State  5  Sea  impact  veloc¬ 
ity  are  shown  in  Figs.  19  and  20.  The  strain 
measurements  were  taken  at  positions  5  and 
6  as  noted  in  Fig.  8.  From  Fig.  20  it  can  be 
seen  that  the  maximum  stress  is  5000  psl  in 
compression  perpendicular  to  the  longitudinal 
axis  of  the  radome. 


CONCLUDING  REMARKS 

This  new  method  of  simulating  water- 
impact  loadings  on  bodies  by  means  of  a 
free-falling  inertia-driven  pendulum  has 
provided  significant  data  lor  the  parametric 
study  d  a  radiometric  sextant  radome.  Ac¬ 
cordingly,  it  is  expected  that  the  facility  can 
be  employed  in  other  water-impact  test  ap- 
pUcatlons.  Submarine  radomes  of  all  types 


Fig.  ly  -  Time  history  of 
principal  stress,  y 


Including  flexible  air-supported  radomes  are 
prime  candidates  for  this  facility.  Shipboard 
bubbles  located  close  to  the  water  and  thus 
exposed  to  heavy  seas  lend  themselves  to 
such  testing.  Capsules,  recovery  systems, 
and  launching  systems  may  also  be  tested. 

It  is  possible  that  such  testing  can  provide 
design  criteria  for  ejection  seats,  sonar 
transducers  and  housings,  torpedoes  and  hull 
elements.  Although  the  maximum  attainable 
free-fall  impact  velocity  Is  about  42  fps,  an 
Initial  velocity  can  be  imparted  to  the  pen¬ 
dulum  by  an  auxiliary  device  such  as  a  jet 
booster  to  provide  an  impact  velocity  of 
close  to  100  fps.  Accordingly  the  structure 
may  be  applicable  to  prototype  or  model 
nose-cone  testing.  Heavier  and  larger  de¬ 
vices  than  radomes  may  be  tested  by  minor 
modifications  to  the  mounting  pad. 
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DATA  ANALYSIS 


A  CRITIQUt  OF  THE  TECHNIQUES  USED  IN  THE 
MEASUREMENT,  ANALYSIS,  AND  SIMUUTION 
OF  MISSILE  VIBRATION  ENVIRONMENT 

Merl  R,  Beckman 

Laboratory  Department,  U.  S.  Naval  Miosile  Center 
Point  Mugu,  California 


The  vibration  qualification  testa  performed  on  missile  equipment  in 
the  laboratory  typically  are  very  different  from  actual  flight  environ¬ 
ments.  Some  causes  may  be  found  in  the  confusion  that  exists  within 
the  fields  of  vibration  measurement,  data  analysis,  and  laboratory 
simulation.  £ven  mere  In'ijf/Oitaui  is  the  lack  of  coordination  that  exists 
between  these  specialties. 


INTRODUCTION 

Thli  paper  deala  primarily  with  the  ahock 
and  vibration  problem  in  mlaallea,  but  it 
would  not  be  out  of  context  to  im^ly  many  of 
Ita  conclualona  to  other  electromechanical 
devices. 


WHY  VIBRATION  MEASUREMiSNTS  ARE 
MADE 

b  polite  phlloeoiriiical  circles,  it  would 
generally  be  agreed  that  the  ultimate  rea¬ 
son  for  measuring  missile  vibration  Is 
either  to  prove  or  improve  the  product  by 
using  added  knowledge  the  measurements 
would  bring  to  light. 

In  actual  practice,  the  measurements  oc¬ 
casionally  are  made  because  "the  contract 
says  we  have  to."  Or  sometimes  "we  have 
serious  trouble  and  can't  seem  to  find  It. 
Let's  measure  the  flight  shocks  and  vibra¬ 
tion.  While  the  experts  are  arguing  about 
the  true  significarice  of  the  data,  we'll  have 
six  months  to  come  up  with  a  fix."  b  sbjrt, 
the  motives  for  measuring  missile  vlbrstion 
are  often  not  very  scientific. 

However,  the  poor  bitlal  attitude  is  only 
the  beginning  of  a  long  series  of 


mlBConceptlons  and  technical  errors  that 
typb'y  a  vibration  environment  program.  The 
telemetry  aystern  to  maainre  vibration  la 
typically  deai^sd  and  adQuated  with  little 
regard  for  ayatem  information  capacity, 
system  noises,  and  system  distortion  char¬ 
acteristics. 

The  data  analysis  Is  performed  and  the 
data  presented  b  a  format  that  will  satisfy 
the  data  requestor.  Frequently,  the  format 
is  determined  by  equipment  availability  and 
by  the  personal  prejudices  of  the  analyst. 
Rarpiy  19  the  format  determined  with  ihock 
or  vibration  simulation  b  mind. 

Following  the  analysis,  someone  from 
somewhere  converts  the  data  into  teat  pro¬ 
cedures  to  be  used  by  the  shock  and  viba- 
tion  laboratory.  Those  charged  with  per¬ 
forming  the  laboratory  tests  typically  are 
preoccupied  with  obtaining  or  fabricating 
the  right  jigs,  fixtures,  adaptors,  and  mounts 
tliat  mste  the  test  specimen  with  the  testing 
equipment.  There  Is  also  concern  about 
scheduling  equipment  time,  assignment  of 
jmrsenne!,  and  the  funding  of  the  test.  There 
is  usually  little  bterest  b  what  the  original 
data  looked  like,  be  limitations  of  be  equip¬ 
ment  bat  measured  be  vibration  or  ana¬ 
lyzed  it,  be  manipulation  of  be  data  by  be 
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analysts,  or  the  conversion  of  the  data  Into  a 
test  procedure. 

To  state  It  briefly,  nobody  seems  to  care 
what  anybody  else  Is  doing,  or  why.  As  a 
result,  the  laboratory  vibration  tests  com¬ 
monly  bear  no  recognisable  relationship  to 
the  flight  vibration  environment.  One  could 
ask  in  such  instances,  "why  bother?" 

Unfortunately,  there  is  no  easy  road  to 
achieving  a  good  laboratory  simulation  of 
flight  shocks  and  vibration;  however,  with  a 
consistent  attention  to  fundamentals,  mean¬ 
ingful  simulations  can  be  achieved. 


data.  However,  the  process  is  not  without 
its  pitfalls  and  dangers. 

A  block  diagram  of  a  typical  vibration 
data  channel  with  commercial  hardware  is 
shown  in  Fig.  1.  The  amplitude  and  distor¬ 
tion  characteristics  of  a  channel  with  a 
70-kc  subcarrier  is  shown  In  Fig.  2.  The 
various  curves  Indicate  some  of  the  highly 
Important  characteristics  of  band-limited 
fm  systems  in  general  and  fm-fm  telemetry 
In  particular.  For  example,  the  distortion 
is  highly  frequency  sensitive.  Another 
interesting  characteristic  can  be  noted  from 
the  curves  if  the  fundamental  information 
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Fig.  1  -  Standard  subcarrier  system 


HOW  FUGHT  VIBRATION  MEASUREMENTS 
ARE  MADE 

Whsu  it  to  decided  to  measure  missile 
flight  vibrations  by  .radio  telemetry,  there 
often  seems  to  be  some  initial  confusion.  If 
DUG  telemetry  standards  are  adhered  to 
litsrstlly,  ths  niEximuiii  Infor niEtlon  froQusney 
that  can  be  accommodated  is  about  2  kc,  A 
question  then  arises  as  to  whether  the  2-kc 
response  is  adequate  (it  is  not)  or  whether  it 
might  be  possible  to  increase  the  response  a 
little,  still  using  ERIG  standard  equipment. 
Another  possibility  Is  to  use  systems  com¬ 
pletely  at  variance  with  IRIG  standards. 
Because  of  limitations  of  time  and  space, 
only  systems  "expandir.g"  the  nominal  IRIG 
frequency  limitations  will  be  discussed  at 
any  length.  Various  systems  of  this  type 
and  others  are  described  in  Ref.  (1). 

The  nominal  frequency  r  esponse  capabil¬ 
ities  of  stan^d  IRIG  fm-fm  telemetry  can 
be  expanded*  considerably  for  the  purpose  of 
accommodating  high-frequency  vibration 


frequency  component  is  added  to  its  har¬ 
monics.  Under  these  conditions  (which 
would  normally  prevail)  the  rms  output  of 


Fig.  2  -  Amplitude  and  distortion  character¬ 
istics  of  a  channel  with  a  70-kc  subcarrier 
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the  subcarrier  discriminator  does  not  drop 
as  the  signal  frequency  is  raised  to  the  point 
of  maximum  distortion.  This  means  that  a 
flat  information  frequency  response  is  not 
an  indicator  of  good  system  performance 

An  important  point  to  note  is  that  these 
distortion  products  do  arise  from  the 
use  of  nonlinear  circuit  elements,  but  are 
fundamental  to  the  fm  modulation  process 
followed  by  predetection  filtering.  The  effect 
is  ^  simi!ai'  to  filtering  the  original  infor¬ 
mation,  and  the  distortion  effects  are 
similar  to  simple  amplitude  distortion  of  the 
original  information.  Stated  differently,  the 
fiiud  data  cannot  be  corrected  by  any  slni^ 
scheme  of  frequency  response  correction  or 
amplitude  correctloiT 

Opposing  this  idea,  there  is  a  persistent 
notion  among  mathematical  sophisticates 
that  if  the  detailed  operating  characteristics 
of  a  system  are  known,  all  the  data  errors 
can  be  corrected.  They  are  to  be  reminded 
that  after  (and  if)  the  ingenious  data  correc¬ 
tion  schemes  have  been  reduced  to  practice, 
they  can  do  no  more  than  would  be  achieved 
by  using  a  different  band-limiting  filter  in 
the  first  place. 

Except  as  a  rather  pointless  exercise  in 
time  consumption,  it  is  not  recommended 
that  any  corrections  be  applied  to  data  modi¬ 
fied  by  fm  band  limiting;  instead,  band- 
limiting  effects  should  te  avoided  or  mini¬ 
mized  by  careful  attention  to,  and  coordina¬ 
tion  of,  the  relationship  between  the  deviation 
of  the  subcarrier  and  tte  bend  limiting  em¬ 
ployed  in  the  analysis  station. 

And  now  to  discuss  some  of  the  proposed 
schemes  for  reducing  the  required  informa¬ 
tion  handling  capacity  of  vibration  telemeter 
systems.  To  set  a  proper  framework  of 
perspective  for  considering  these  systems, 
some  fundamental  principles  should  be  borne 
in  mind.  First,  whenever  vibration  data  is 
operated  on,  i.e.,  "reduced"  or  analyzed, 
information  is  lost  in  the  process.  That  is 
to  say,  when  the  data  has  been  broken  down 
to  seme  form  that  is  easy  to  study,  invari¬ 
ably  some  salient  features  of  the  original 
data  are  missing  and  it  is  impossible  ija  re¬ 
construct,  in  detail,  the  original  vibration 
information  hinction.  In  short,  when  the 
original  data  is  simplified  for  easier  human 
comprehension,  an  irreversible  loss  of  In¬ 
formation  has  occurred. 

The  second  point  is  simply  an  extension 
of  the  first:  The  Information  loss  may  or 


may  not  be  important.  Whenever  the  vibra¬ 
tion  Irdormat'.cn  is  to  be  analyzed,  or  re¬ 
duced,  or  encoded  (all  meaning  the  same 
thing)  before  transmission  from  the  flight 
vehicle,  e:dreme  caution  should  be  exercised 
in  determining  the  suitability  of  the  system 
for  uee  in  the  particular  missile.  The  rea¬ 
son  for  this  emphasis  on  the  limitations  of 
in-flight  data  analysis  system  is  that  in¬ 
flight  analysis  is  basic  to  most  bandwidth 
reduction  schemes. 


Spectrum  Analyzer 

One  system  gaining  in  popularity  ana¬ 
lyzes  vibration  by  essentially  tuning  a  filter 
slowly  across  the  vibration  spectrum  and 
telemetering  the  magnitude  of  the  filter  volt¬ 
age.  To  achieve  adequate  frequency  resolu¬ 
tion,  the  filter  must  sweep  quite  slowly, 
typically  taking  several  secoiius  for  one 
sweep  of  the  spectrum.  It  is  obvious  that 
the  system  is  not  usable  if  significant  q>ec- 
tral  changes  occur  within  the  period  of  one 
frequency  sweep.  This  renders  the  device 
useless  for  transient  or  impulsive  type 
shocks  or  a  rapidly  changing  random  type 
function.  This  means  it  is  not  suitable  for 
short  burning  motors  (the  motor  should  bum 
for  several  frequency  sweeps).  Also,  it  is 
not  suitable  for  use  in  missiles  whsre  ord¬ 
nance  szptoslons  or  other  intermittent 
mechanical  shocks  may  occur. 


Amplitude  Analyzer 

This  device  determines  what  portion  of 
the  total  time  a  number  of  different  ampli¬ 
tudes  are  exceeded.  When  the  vibration  is 
similar  to  random  noise,  the  data  is  useful. 
However,  as  was  true  with  the  sweeping 
spectrum  analyzer,  impulsive  s.hocks  of  truly 
catastrophic  magnitude  may  show  up  in  the 
data  as  only  minor  or  unnotlceable  perturba¬ 
tions. 


Analog  Frequency  Meter  and  Voltimeter 

There  is  a  certain  attractive  simplicity 
in  the  idea  of  feeding  the  vibration  signal 
into  two  simple  data  converters.  One  puts 
out  a  voltage  proportional  to  the  vibration 
frequency;  the  other  puts  out  a  voltage  pro¬ 
portional  to  the  amplitude  of  the  vibration 
signal.  The  significant  point  to  remember 
is  that  analog  frequency  metersLcan  read 
one  frequency,  usually  by  the  process  of 
summing  up  the  number  of  polarity  reversals 
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per  unit  time  which  occur  in  the  Input  func¬ 
tion.  Thus,  the  system  yields  no  spectrum 
data  and  cannot  hirndle  random  typt^  signals; 

It  yields  nothing  usable  with  Impulsive  type 
Inlets;  It  does  not  even  work  with  discrete 
frequency  Inputs,  if  more  than  one  significant 
frequency  ccmponSut  Is  present.  !h  short, 
the  system  works  only  In  the  highly  improb¬ 
able  circumstance  that  the  vibration  consists 
of  a  single  discrete  frequency. 

Before  any  of  the  airborne  data  analysis 
sche.mes  can  be  used,  as  an  absolute  minimum 
precaution,  the  nature  of  the  missile  vibration 
first  should  be  determined  by  some  wideband 
system;  one  that  transmits  the  vibration  in 
Its  "raw"  form  to  the  ground.  Even  after  this 
precaution  is  observed,  a  strange  situation 
exists.  As  long  as  the  band  reduction  systems 
yield  similar  data  flight  after  flight,  they  can 
reasonably  be  trusted.  However,  when  the 
data  suddenly  departs  from  the  expected  pat¬ 
tern,  a  dilemma  arises.  What  does  the  new 
vibration  environment  really  look  like?  The 
environment  obviously  has  changed,  but  has 
It  changed  Its  basic  nature  to  the  point  where 
the  particular  type  of  In-flight  analysis  Is  no 
longer  valid?  b  short,  unusual  or  unexpected 
data  cannot  be  trusted.  This  characteristic 
may  be  of  no  Importance  or  It  may  prove  to 
be  a  fatal  deficiency,  depending  on  test 
objectives. 

An  extremely  Important  point  to  remem¬ 
ber  Is  that  only  If  the  nature  of  the  ^bratlon 
function  Is  already  known  la  It  ysalble  to 
use  or  trust  any  of  the  band-rewctlon 
schemes.  Assumptions,  guesses,  and  as- 
surances  are  not  a  permissible  method  of 
determining  the  nature  of  the  vibration  func¬ 
tion.  This  can  be  accomplished  only  by 
measurement  with  suitable,  wlde-imud  (high 
Information  capacity)  systems.  There  are 
no  short  cuts! 


DATA  ANALYSIS  OF  FUGHT  VIBRATION 

The  data  analyst  has  the  Job  of  trans¬ 
forming  a  measured  vibration  function  Into 
a  form  suitable  for  easy  human  comprehen¬ 
sion  and  suitable  for  creating  a  laboratory 
test  procedure  to  simulate  the  flight  environ¬ 
ment. 

The  responsibilities  of  the  arjdyst  obvi¬ 
ously  are  very  great.  Perhaps  they  are  too 
great.  He  must  be  schooled  In  the  basic 
data  gathering  systems  so  he  can  determine 
the  validity  of  the  data.  He  must  have  the 
courage  and  ingenuity  to  operate  on  the 


particular  data  the  best  way;  not  Just  the 
easy  way  or  the  habltuiU  way.  He  must  have 
a  thorough  knowledge  of  the  characteristics 
of  the  simulation  equipment.  He  must  also 
have  a  good  "feel"  for  the  general  nature  of 
vibration  or  shock  susceptibilities  In  mis¬ 
sile  equipment.  B  he  Is  forced  to  design  his 
tests  to  use  unsuitable  simulation  equipment, 
he  must  have  the  competence  and  courage  to 
label  the  simulation  tests  as  Inadequate  or 
unsuitable,  or  even  as  having  no  validity 
whatsoever.  Suck  protestations  are  almost 
always  Justified  but  are  very  rarely  heard 
and  even  more  rarely  heeded.  Meanwhile, 
back  In  the  laboratory,  the  simulation  tests 
continue  In  the  same  old  way,  with  the  same 
old  equipment,  using  the  same  old  proce¬ 
dures,  witlk  the  same  old  lack  of  meaning. 


CHARACTERISTICS  OF  VIBRATION  DATA 

The  type  of  vibration  most  commonly 
produced  by  rocket  motors  is  essentially 
random  In  nature.  The  most  codsmon  data 
format  for  this  type  of  Information  is  the 
familiar  power  spectral  density  presenta¬ 
tion.  The  averttj^ng  time  for  each  presen¬ 
tation  may  range  anywhere  from  millisec¬ 
onds  to  minutes.  The  spectral  data  for  an 
entire  flight  may  sometimes  be  found  pre¬ 
sented  on  an  inch  or  two  of  35-mm  film,  or 
other  times,  on  a  stack  of  large  siaed  sheets 
of  graph  paper,  with  still  other  presentations 
falling  between  these  two  extremes.  But  the 
variety  of  ways  In  which  this  data  appears 
Is  not  the  important  point.  The  Important 
point  Is  "Are  power  spectra  useful  or 
valuable?"  The  answer  is  not  yes  or  no,  it 
is  "usually."  Now  we  are  reduced  to  talking 
about  probeblUtles  and  likelihoods.  To  put 
the  problem  in  perq>ective,  consider  the 
two  following  examples.  B  this  city  were 
wiped  off  the  map  the  simultaneous  ex¬ 
plosion  of  ten  of  the  largest  fusion  bombs, 
the  atmospheric  pressure  during  the  day 
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here  at  sea  level;  or,  one  could  safely  say 
that  the  man  who  was  beheaded  one  ininute 
ago  "usually"  has  his  head  firmly  on  his 
shoulders. 

Thesn  remarks  are  intended  to  emphasize 
that  although  missile  vibrations  are  usually- 
random,  this  provides  no  excuse  whaisoever 
for  assuming  that  all  significant  missile 
vibrations  ai*e  random  in  nature.  They  are 
not!  Discrete  frequencies,  damped  waves, 
and  impulses  can  occur  at  destructive 
amplitudes  even  if  it  is  not  the  usual  case, 
but  to  jump  back  a  moment,  beheading  is  not 
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tht  usual  way  to  die,  but  It  certainly  Influ¬ 
ences  the  personality  of  the  person  on  whom 
it  is  practiced,  ever  if  it  happens  only  rarely. 

There  has,  so  far,  been  some  discussion 
of  the  use  and  misuse  of  telemetering  infor¬ 
mation  cnpaclty  and  some  comtnents  about 
the  possible  nature  of  missile  vibration  data. 
Because  these  things  have  been  essentially 
technical  in  nature,  it  would  now  be  profitable 
to  look  at  some  problems  arising  from  human 
idiosyncrasies. 


ANALYTICAL  SCHOOLS 

All  too  often,  the  data  analyst  clings  to 
analysis  methods  and  data  formats  which  are 
really  a  matter  of  Itablt  rather  than  technical 
appropriateness.  Many  analysts  are  dis¬ 
tinctly  classifiable  as  belonging  to  a  certain 
"school"  of  analysis,  to  the  exclusion  of  all 
others.  Here  is  a  list  of  some  of  them: 

Power  ^ctral  Density 

The  adherents  of  this  school  apparently 
have  had  most  of  their  eiqperlence  with  long- 
burning  motors  having  essentially  a  random 
vibration  output.  Typically,  they  have  yet  to 
stumble  at  some  of  the  pitfalls  already  men¬ 
tioned. 

Amplitude  Probability  Diatributlon 

Those  who  are  preoccupied  with  amplitude 
probability  distrlb^ion  (to  the  exclusion  of 
other  methods  of  analysis)  are  dangerous  in 
the  extreme.  Typically,  they  are  interested 
in  statistics  but  not  In  simulatlpn.  For 
example,  it  has  happened  in  the  past  that  an 
analyst  has  gone  out  to  perhaps  three  sigma 
on  Uie  amplitude  distribution  curve  and  used 
this  g  level  for  the  slow  sweep  (single  fre¬ 
quency)  vibration  level  specification.  By 
this  means,  data  indicating  a  mild  flight  en¬ 
vironment  can  be  converted  into  a  ground 
simulation  which  is  guaranteed  to  turn  high- 
priced  missile  electronic  equipment  into 
high-priced  junk. 

The  "g- Frequency"  School 

The  members  of  this  school  are  believers 
in  simplicity  and,  typically,  they  convert  all 
data  (whether  transient,  random,  or  discrete 
frequencies)  into  a  pair  of  numbers;  namely, 
g  and  frequency.  An  analyst  of  this  school 
would  do  well  to  ask  what  kind  of  mind  read¬ 
ing  a  stranger  would  have  to  do,  to  reconstruct 


the  original  information  from  the  two  num¬ 
bers.  The  answer  is  consistently  embrassing. 


The  "g"  School 

To  psiurert  the  words  of  the  late  Gertrude 
Stein,  many  pe<vle  seem  to  believe  that  "a  g  Is 
a  g  Is  a  g."  It  Is  sad  almost  beyond  measure 
that  many  of  the  people  of  this  school  are  sen¬ 
ior  admlkstrators  or  executives  who  have  at 
last  found  a  small  area  of  the  engineering 
disciplines  where  they  can  quote  concrete 
numbers  as  well  as  anyone  else.  The  situa¬ 
tion  la  worse  when  the  guilty  party  is  a 
competent  enghwer.  It  Is  totally  Inexcusable 
when  the  guilty  one  is  an  environment  engi¬ 
neer.  Yet  It  coi^tinues  to  hajqwn,  almost  as 
a  rule  instead  of  an  exception.  In  summary, 
missile  shocks  and  vibrations  can  take  nvuiy 
different  forms.  Any  stereotyped  approach 
to  data  analysis  is  going  to  run  into  trouble 
sooner  or  later. 


LABORATORY  SIMULATION 
Vibration  Testing 

One  basic  tool  in  most  simulation  labors- 
toriet  is  a  vibration  shaker.  Typically,  it 
is  uaed  to  impreaa  sinuaoldal  vlbratlona  of 
varlouB  or  varying  frequencies  on  the  mis¬ 
sile  or  missile  components.  This  teat  Is 
crdloarily  used  to  •Imalate  the  flight  vibra¬ 
tion  which  most  often  Is  random  alaus- 
oldal)  In  nabirc.  For  those  who  disSaln 
abstract  or  analytical  arguments  about  the 
deficiencies  of  a  single  frequency  simulation 
of  random  vibration,  the  following  example 
is  presented. 

Let  us  assume  we  have  a  structural  ele¬ 
ment  with  a  resonant  frequency  of  1  kc  and 
a  Q  of  iOG.  This  means  that  if  we  excite  the 
element  properly  at  1  kc,  witlj  say  5  g,  the 
poimt)  of  maximum  deflection  can  build  up  to 
a  maximum  acceleration  of  500  g.  But  even 
more  Important,  to  a  first  order  approxima^ 
tlon,  the  system  responds  only  to  frequencies 
between  995  cps  and  1005  cps,  a  bandwidth  of 
10  cps. 

So  with  1-kc  drive,  we  are  pitting  in  5  g 
and  finding  a  maximum  response  of  500  g. 
Now,  let  us  distribute  the  same  input  energy 
over  the  relatively  narrow  range  of  900  cps 
to  1100  cps.  This  modest  spectral  dispersion 
of  the  energy  reduces  the  maximum  response 
from  the  original  500  g  to  slightly  over  100  g. 
Spreading  the  driving  energy  over  the  range 
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of  500  cpa  to  1500  cps  reduces  the  maximum 
response  to  50  g.  (Moving  all  these  figures 
down  a  couple  of  octaves,  one  encounters  the 
very  practical  case  of  quartz  crystals  used 
for  frequency  couuol.  oiovlng  up  through 
nearly  five  octaves,  many  vacuum  tube 
micrcphonic  problems  are  usscribed*/  7he 
significant  point  is  that  anything,  but  any- 
thim,  that  will  spread  out  the  vitnration  spec- 
tniim,  will  provl^  a  better  simulation  of 
random  vibration  than  does  a  single  fre- 
<|uency.  Stated  differently,  a  single  frequency 
is  Just  about  the  poorest  simulation  of  a  ran¬ 
dom  function  that  could  possibly  be  created, 
^y,  then,  is  the  single  frequency  (or  slowly 
sweeping  frequency)  used  as  such  a  popular 
substitute  for  reall^.  Historically  speaking, 
only  a  few  years  ago  missile  components 
were  qualified  by  shaking  at  z  single  fre¬ 
quency  of  55  cps,  a  standard  evolved  for 
equipment  In  propeller  driven  aircraft. 
When  it  became  obvious  that  such  a  standard 
was  inadequate,  the  frequency  ranee  wu 
simply  increased,  but  the  feature  m  essen¬ 
tially  single  frequency  shaking  wr^  retained. 
It  remains  invalid  wherever  high  mechanical 
Q  is  encountered. 

What,  then,  can  be  done  to  simulate  ran¬ 
dom  vibration  by  using  present  shakers  or 
vibrators?  A  direct  siqproach  would  be  to 
generate  a  random  electrical  function  and 
drive  the  shaker  with  it.  This  technique  Is 
In  use,  and  It  works.  The  random  function 
may  be  derived  from  nolee  generators  or 
from  rccordlrge  of  actual  fU^t  vibra¬ 
tions. 

It  should  be  noted  that  a  good  simulation 
of  the  effects  of  random  vibration  can  be 
achieved  by  using  a  distributed  but  not  nec¬ 
essarily  continuous  spectrum.  This  type  cf 
function  can  be  generated  by  freouescy  mod¬ 
ulating  the  oscillator  which  drives  the 
shaker.  As  a  point  of  economic  Interest  a 
substantial  increase  in  the  rms  g  level  can 
be  achieved  by  using  a  frequency  modulated 
signal  instead  of  a  true  random  function, 
assuming  that  a  fixed  maximum  force  can 
be  generated  by  the  shaker.  Reasonable 
slmulatlouE  of  flight  vibration  cu  be  made 
without  buying  whole  new  laboratories  full  of 
equipment. 


Shock  Testing 

Tne  lead  tall,  the  drop  table,  the  sand  pit, 
and  probably  many  other  devices  und  Instal¬ 
lations  have  been  used  to  induce  Impulsive 
accelerations.  Again,  however,  one  en¬ 
counters  a  asrloua  disparity  between  flight 
test  results  sad  the  usual  shock  test  pro¬ 
cedures. 

In  flight,  the  shocks  produced  by  metal- 
to- metal  banglag,  and  1^  ordnance  eiplosions 
of  various  sorts,  can  contain  powerful  fre¬ 
quency  components  up  to  many  kilocycles. 
Indeed  to  tens  of  kilocycles.  The  "average" 
shock  specillcstion  allows  such  long  rise 
times  for  the  idiock  that  the  test  could  be 
tailored  to  produce  virtually  no  frequency 
components  above  1  kc. 

For  those  who  wish  to  argue  the  advisa¬ 
bility  of  shock  testing  equipment  by  applying 
really  sharp  impulses,  an  example  may  be 
in  order.  One  cd  the  first  submlnlature 
ceramic  tubea  was  affUcted  with  a  very  seri¬ 
ous  mlcrophonic  susceptlbiilty  at  22  kc. 
Standard  shake  testa  and  soft  shock  tests 
would  never  show  up  this  susceptibility.  A 
description  of  one  device  for  producing 
broad  spectrum  Impulses  may  be  found  In 
the  paper  "The  Air  Siock  Tute  as  a  Shock 
Testily  Facility,"  by  Stanley  R.  Melcher.* 

GENERAL  REMARKS 

To  avoid  iMComing  too  embittered  by  the 
present  inadequacies  in  many  vtht  ation  en- 
'.'irnmneut  programs,  it  is  well  to  remember 
that  in  the  not  too  distant  past,  missiles 
have  gone  Uiruuglt  uat^igu,  production,  and 
obsolescence  without  once  having  the  flight 
vibration  adequately  measured.  Unfortu¬ 
nately,  we  have  not  progressed  as  far  as  we 
should  have  since  then.  The  employment  of 
blind  empirical  fixes  for  environmental 

OxlCiOIIWAW  lU  UlAOVAAOP  W\.’UiU  OVOUi  ViU 

fashioned  in  this  day  of  lunar  probes, 
ICBM's,  megaton  bombs,  !Lnd  earth  satel¬ 
lites.  But,  the  blind  empirical  fixes  will 
continue  until  the  various  specialties  In  the 
field  of  environment  are  merged  into  a 
meaningful  whole. 


*S»e  P.  94. 
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DISCUSSION 


Mr.  Salberta  (Gulton  Indmtrlca):  You  men- 
Uoned  that  prior  to  using  an  airborne  spectrum 
or  amplitude  distribution  analyser  the  proper¬ 
ties  of  the  signal  must  be  very  well  understood 
ami  in  order  to  understand  these  properties 
you  need  a  wlde-band  channel.  My  ({uestlon 
Is  what  method  of  analysis  do  you  use  to  de¬ 
termine  the  pnvertles  of  this  signal? 

Mr.  Beckman:  Often  one  of  the  things 
which  wlU  keep  you  out  of  trouble  Is  an  ele¬ 
mentary  eyeball  look  at  the  data.  That  Is 
certainly  one  method.  This  not  a  quanti¬ 
tative  test,  but  It  Is  certainly  Indicative  of 
whether  you  have  something  which,  for  ex¬ 
ample,  has  discrete  Impulses  in  It.  That  Is 
the  th^  that  can  kill  you  which  you  won't 
see  with  the  more  sophisticated  Inflight 
analysis  schemes.  You  have  to  be  sure  that 
none  of  these  exist  and  indeed  when  they 
don't  exist  you  can  often  econondse  on  your 
bandwidth  a  very,  very  large  factor  by 
using  the  inflight  data  reduction  scheme. 

Mr.  Bioppamakl  (Lykheed);  When  you 
speak  about  ycur  missile  environmental 
data,  you  qieak,  of  ccxirse,  of  flight  data. 

Now  In  flight  data  we  are  limited  in  frequen¬ 
cies  and  biodwldths  and  our  techniques  don't 
go  very  much  above  2  kc.  You  q>eak  about 
20  kc.  What  techniques  do  you  surest  for 
us  to  get  the  information  from  the  higher 
regions? 

Mr.  Beckman:  They  are  very,  very  pain¬ 
ful.  The  telemetry  people  and  the  procure¬ 
ment  people  almost  turn  blue  because  about 
the  only  technique  you  can  use  Is  to  go  com¬ 
pletely  nonstandard  in  your  high-frequency 
subcarriers.  Ycu  can  get  substantially  more 
than  2  kc  out  Of  a  70-kc  subcarrier,  for 
example.  You  can  get  quite  easily  16  or 
20  kc  provided,  in  the  first  place,  you  have 
no  adjacent  sutearriers  and  your  data  analy¬ 
sis  equipment  has  bandpass  filters  that  are 
wide  enough  to  accommodate  it.  These  are 
not  standard  at  the  stations. 

Mr.  Kuoppamakl:  Don't  you  use  the  stand¬ 
ard  channel? 

Mr.  Bec-krnnn:  Well,  the  only  limitation 
on  the  bandwidth  of  these  channels  Is  In  the 
receiving  station.  Ordinarily  the  equipment, 
the  airborne  equipment,  Is  not  particularly 
limited.  You  can  use  any  deviation  you  want. 
Typically  the  voltage  control  oscillator,  for 
example,  can  cover,  t!  you  desire;  a  full 
octave  range,  with  a  reasonable  linearity, 


but  ordinarily  you  would  only  use  much 
smaller  deviation  than  that  and  modulate 
with  the  higher  frequencies  and  then  use  a 
wider  bssdwidth  filter  in  the  play  back  and 
It  stretchea  out  to  the  order  of  15  or  20  kc 
thia  way. 

Mr.  I  flrit  wanted  to  point 

outlhat  the  technlques  which  are  available 
for  analyila  of  data  during  flight  and  for 
transmitting  the  data  down  In  a  dltferent 
form.  Thlf,  of  course,  effectively  expands 
the  bandwidth.  By  uai^  these  technlipies, 
you  can  exceed  the  bandwidth  within  any 
practical  limit  at  frequencies  above  2  kc. 

Ifr.  Beckman:  Oh,  indeed,  there  are  cer- 
talnly  non-standard  techniques  of  both  dig¬ 
ital  arxl  indeed  analog  which  have  iq>peared 
In  the  literature  which  are  caiwble  of  going 
far  beyond  the  normal  DUG  limits.  As  a 
matter  of  fact,  you  can  go  to  an  almost  Infi¬ 
nite  capacity  If  you  want  to  pay  the  penalty 
and  the  penMty  ordinarily  is  bandwidth.  My 
personal  impression  Is  t^  It  is  worth  pay¬ 
ing  almost  any  penalty  to  get  the  information 
we  are  after.  Unfortunately,  this  attitude  is 
not  completely  supported  by  people  who  have 
to  provide  the  room,  provide  the  mmsy  for 
the  new  equipment,  ai^  sacrifice  the  channels 
of  data  that  are  necessary  to  accommodate 
the  new  data.  There  Is  not  universal  agree¬ 
ment  that  this  should  be  done. 

Dr.  Morrow  (Space  Technology  labora¬ 
tories):  1  would  just  like  to  make  one  or  two 
comments.  First  of  all,  I  Utink  this  points 
out  that  it  is  very  easy  to  find  difficulties  in 
the  techniques  we  are  using  and  I  have 
pointed  them  out  occasionally.  I  think  this 
should  be  done  from  time  to  time. 

Mr.  Beckman:  Annually,  if  I  might  inter¬ 
rupt. 

Dr.  Morrow:  It  is  also  very  much  more 
difficult  to  point  out  something  constructive 
to  do  about  the  situation.  I  would  like  to 
extend  one  bit  of  comfort,  however,  and  that 
is  that  missiles  50  percent  or  more  reliable 
are  not  uncommon.  While  we  would  like 
these  to  be  better  they  can  be  effective 
weapons  even  if  they  are  not  the  most  eco¬ 
nomical  weapons.  Furthermore,  If  you 
translate  these  overall  system  reliabilities 
Into  subsystem  and  equipment  reliabilities 
a  little  bit  crudely,  you  can  get  some  quite 
high  numbers  and  the  bulk  of  the  subsystem 
and  components,  therefore,  are  surprisingly 
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good.  So  even  though  we  would  like  to  do  very 
much  better  I  think  we  can  drav/  the  conclu¬ 
sion  that  we  are  building  better  as  things  are 
than  we  know  how  to  build. 

Mr.  Beckman:  If  I  may  interject,  no  one 
can  argue  that  we  are  not  building  better 
automobiles  than  we  did  in  1910,  although  I 
don't  think  the  people  building  them  are  too 
terribly  much  smarter  than  they  were  then. 

It  was  a  little  bit  gradual,  a  little  bit  too 
gradual. 

Dr.  Morrow:  One  other  point  which  has 
been  touched  upon  already  in  the  question 
period -the  question  of  tiie  high-frequency 
limit  on  data.  I  don't  want  to  take  much 
time,  but  there  Is  a  question  about  what  you 
are  going  to  do  with  data,  to  20  kc  or  so,  if 
you  get  it.  Now  in  addition  to  the  fact  that 
there  are  many  pitfalls  In  getting  it,  even  if 
you  are  present^  with  the  data  you  can't  be 
sure  you  can  trust  It  this  high  for  a  number 
of  reasons  even  if  the  accelerometer  cali¬ 
brates  flat  to  20  kc,  but  once  you  have  got  it 
there  is  a  good  deal  of  question  what  you 
can  do  with  it,  and  the  simulation  equipment 
that  we  have  available  now  certainly  is  not 
capable  of  doing  much  more  than  ISOO  cps 
or  so  on  large  Items  and  maybe  3,000  cps 
or  so  on  small  ones.  There  Is  a  certain 
amount  of  waste  effort  involved  in  gathering 
large  amounts  of  such  data. 

Mr.  Beckman:  May  I  interject  again,  I 
concur. 

Dr.  Morrow:  And  it  is  not  possible  either 
in  connection  with  equipment  design  prob¬ 
lems  to  use  the  data  in  any  straightforward 


design  approach.  So  one  suggestion  I  have 
here  Is  that  we  should  take  an  occasional 
look  at  the  high-frequency  data,  be  alert  for 
problems  that  may  arise  there,  but  trying  to 
get  data  in  a  routine  manner  to  frequencies 
much  higher  than  we  do  now  could  very  well 
increate  the  dollar  expenditure  without  very 
much  return. 

Mr.  Beckman:  I  wish  we  could  disagree 
but  1  largely  agree  with  what  you  said.  I 
don't  think  we  do  disagree  particularly. 

Mr.  Shipley  (Jet  Propulsion  laboratory): 

I  second  most  of  the  things  that  Dr.  Morrow 
just  said,  and  I  would  like  to  point  out  that 
on  the  Explorers  there  were  no  failures  due 
to  any  vibration  or  shock  problems.  With 
the  Sergeant  missile  we  have  never  had  a 
problem  attributed  to  shock  or  vibration. 

And  with  regal’d  to  the  telemetering  problem 
if  you  dc  ^vant  to  look  at  this  wlde-b^d  data, 
occasionally,  you  can  always  go  to  carrier 
modulation  using  channels  A  B,  and  get 
this  data  wit^t  Increasing  the  net  informa¬ 
tion  bandwidth  of  the  system.  This  can  be 
done  by  using  essentially  no  Increased  power 
requirements  for  a  long-range  communica¬ 
tion  system. 

Then  with  regard  to  amplitude  distribu¬ 
tion,  having  used  an  amplitude  distribution 
analyzer  for  some  time  I  find  it  very  un¬ 
common  to  find  anything  that  looks  much 
different  from  a  gaussian  amplitude  distri¬ 
bution  even  when  we  have  low-level  eliding 
tones. 

Mr.  Beckman:  Then  you  have  a  perfectly 
legitimate  reason  for  using  it  and  I  think 
you  should. 


APPLICATION  OF  A  SPECIAL  TEST  FIXTURE 
TO  VIBRATION  MEASUREMENT  DURING 


STATIC  FIRING  OF  ROCKET  MOTORS 

M,  W.  Oleson 

U.  S.  Naval  Reiaarch  Laboratory 


Mea*ur«ment  of  vibration  induced  during  rocket  motor  static  firings  is 
one  teclinique  for  obtaining  en’-drcnmental  data  applicable  to  rocket 
vehicle  components.  However,  the  usefulnyss  of  such  data  may  be 
compromised  by  conditions  peculiar  to  the  static  test  itself.  The  ac¬ 
curacy  of  data  obtained  may  be  improved  by  the  use  of  special  test 
fixtures  during  the  static  firings,  as  shown  by  measurements  on  two 
different  types  of  rocket  motor. 


INTRODUCTION 

In  attempting  to  provide  pertinent  vibra¬ 
tion  data  early  In  rocket  develt^ment  pro¬ 
grams  It  has  become  common  practice  to 
Instrument  developmental  static  firings  with 
vibration  pickups.  The  usefulness  c*  dst?.  so 
obtained  depends  upon  an  assumed  correla¬ 
tion  with  flight  vibration.  At  present  it  Is 
difficult  either  to  challenge  or  verify  this 
assumption  In  general.  Previously  reported 
data  have  shown  good  correlation  in  some 
Instances,  and  none  in  others. 

It  seems  obvious  that  a  major  deterrent 
to  correlation  Is  the  difference  which  exists 
between  most  static  test  configurations  and 
the  subsequent  flight  configui'atlon.  During 
static  testing,  the  rocket  structure  Is  seldom 
completed,  rigid  mechanical  restraints  are 
employed,  and  acoustic  excitation  is  exag¬ 
gerated  by  nearby  reflecting  surfaces. 

In  the  last  year  and  a  half  a  series  of  vi¬ 
bration  instrumented  static  firings  have  been 
completed,  with  the  motor  and  an  assembled 
structure  mounted  In  a  special  test  fixture. 
The  fixture,  which  has  been  dubbed  "coffin," 
was  designed  to  (1)  accommodate  payload 


structures  attached  to  the  motor,  (2)  provide 
flexible  mounting  restraints  which  would  not 
Inhibit  vibration  at  frequencies  above  !5  to 
20  cps,  and  (3)  provide  acoustic  isolation  of 
tim  motor  casinig  and  attached  structure. 

The  "coffin"  static  tests.  It  was  anticipated, 
would  provide  conditions  approximating  those 
of  flight  in-so-far  as  motor-induced  vibra¬ 
tion  was  concerned.  This  report  will  discuss 
ejqwrlence  In  the  application  of  the  coffin 
fixtures. 


FDCTURE  DESIGN 

Two  dllfs  rocket  motors  have  been 
fired  In  coffins.  The  Arcon  motor  (Atlantic 
Research  Company)  had  a  cylindrical  steel 
case  which  was  approximately  6  In.  in  diam¬ 
eter  and  8  ft  long.  The  X-248  motor  (Alle¬ 
gany  Ballistics  Laboratory)  had  a  fiberglass 
case  which  was  approximately  18  in.  in  di¬ 
ameter  and  3  ft  long.  Fixtures  employed  for 
the  two  motors  were  similar  in  principal, 
but  differed  in  detailed  deisign  because  of  the 
necessity  of  accommodating  the  different 
motor  and  payload  configurations. 

Both  fixtures  were  of  welded  aluminum 
panel  construction  (Pig.  1  and  Fig.  2).  Ribs 
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n,.  1 .  X  -2M  motor  ssd  attached  payload 
in  coffin  fixture 


ri,.  2  -  Arcon  motor  and  attached  payload 
in  coffin  fixture 


and  longitudinal  beams  were  employed  for 
strength,  and  also  for  panel  rigidity.  In 
cross  section,  the  fixtures  were  rectangular 
on  three  sides,  with  a  "V"  shaped  bottom 
which  conform  d  to  roller  V-blocks  in  use 
at  the  rocket  test  sites.  The  top  panels, 
removable  for  motor  installation  and  work¬ 
ing  access,  were  secured  by  a  large  number 
of  bolts  during  firings.  liileriore  of  the 
coffins  were  lined  with  fiberglass  for  acous¬ 
tic  absorption. 

For  the  Arcon  motor  thrust  was  trans¬ 
mitted  to  the  coffin  through  commercial  type 
vibration  Isolators,  and  a  collar  secured  by 
payload  mounting  bolts  at  the  head  end  of  the 
motor  (Fig.  2).  To  prevent  excessive  for¬ 
ward  motion  upon  development  of  thrust,  and 
at  the  same  time  allow  a  low  natural  fre¬ 
quency  of  the  suqMnsion,  the  vibration  iso¬ 
lators  were  preloaded  in  the  thrust  direction 
with  a  force  somewhat  less  than  that  of  the 
motor  thrust  Laterally,  the  motor  was  sup¬ 
ported  by  the  forward  thrust  collar  and  by  a 
loose-fitting  vibration- isolating  clamp  some¬ 
what  forward  of  the  tall  fin  assembly. 

Restraint  of  the  X-a48  motor  was  compli¬ 
cated  by  the  necessity  of  taking  thrust  on  a 
forward  fitting  having  a  smaller  diameter 
than  that  of  the  motor  case  (Fig.  1).  Thrust 
from  this  fitting  was  coupled  into  a  larger 
diameter  collar  by  a  number  of  extra -flexible 
steel  cable  strands  (aircraft  control  cable), 
and  thence  through  four  thrust  springs  to  the 
coffin.  Stmllar  to  the  Arcon  arrangement, 
these  thrust  springs  were  preloaded  to  pre¬ 
vent  excessive  forward  motion. 

During  the  coffin  tests,  it  was  also  nec¬ 
essary  to  prevent  the  gravity  torque  load  of 
the  X-246  sim'iiated  payload  from  being  ap¬ 
plied  to  the  motor.  For  this  purpose  the  pay- 
load  was  neutrally  suspended  by  four  counter 
weigiiiu  which  hung  down  outside  the  coffin. 

FDCrURE  APPLICATION 

The  coffins  were  designed  for  incorpora¬ 
tion  into  standard  static  firing  procedures 
with  minimal  interference.  Measurements 
of  operating  pressure  and  thrust  were  taken 
during  all  of  the  firings.  Thrust  measure¬ 
ments,  taken  at  the  forward  end  of  the  coffin, 
were  not  effected  by  the  coffin  itself  (except 
in  frequency  response)  since  the  entire  as¬ 
sembly  was  free  to  move  on  roller  V-blocks. 
Handling  of  the  coffins  at  the  test  sites  re¬ 
quired  no  more  than  regular  motor  handling 
equipment  The  X-248  coffin,  heaviest  of  the 
two,  weighed  about  600  lbs. 


Motor  handling  time,  important  in  the 
case  of  temperature  conditioned  motors, 
depended  considerably  upon  familiarity  with 
the  assembly  techniques.  After  some  prac¬ 
tice,  the  motor  Insertion,  mechanical  assem¬ 
bly,  final  instrumentation  check,  and  securing 
of  the  lid  could  be  accomplished  in  about  SO 
minutes. 


EFFECT  ON  DATA 

In  the  case  of  these  two  motors,  It  appears 
that  the  introduction  of  acoustic  isolation  by 
the  coffin  was  of  major  importance.  Sound 
pressure  levels  measured  In  the  Arcon  snid 
X-248  test  bays  were  In  the  order  of  145  to 
150  db.  The  coffins  introduced  about  25-(l> 
attenuation,  resulting  in  acoustic  fields  near 
the  payload  etructuree  of  120  to  125  db.  In 
addition  the  qpiectral  profiles  of  acoustic 
energy  were  modified  from  approxinutely 
uniform  qpectra  outside  the  coffins  to  q)ec- 
tra  which  maximised  at  frequencies  below 
400  cps  inside  the  coffins  (Fig.  3). 

The  effect  of  acoustic  Isolation  ou  the 
vibration  was  most  clearly  demon¬ 
strated  by  a  set  of  measurements  taken 
during  the  Arcon  tests.  The  Arcon  rocket 
employs  an  end-burning  grain  which  is  in¬ 
serted  into  a  cylindrical  steel  case.  Accel¬ 
erometers  were  attached  directly  to  the 
case  wall.  During  the  course  of  Dormsl 
burning,  the  grain  backing  the  case  wsU  at 
the  pickup  station  was  burned  away  resulting 
In  a  marked  Increase  In  vibratiem  level.  In 
the  standard  static  test  configuration  the 
rms  level  of  vibration  increased  from  1.5  g 
to  15  g.  Most  of  the  energy  was  distributed 
in  the  frequency  range  from  50G  cps  to  3000 
cps.  For  the  coffin  firings,  the  correspond¬ 
ing  rms  levels  were  .75  g  to  S  g,  and  tte 
energy  was  concentrated  at  several  case 
modal  frequencies  (Fig.  4).  Cemparativs 
maxima  in  epectral  density  values  were 
1  g2/cpB  and  ;01  g^cps  respectively.  (It 
should  be  noted  that  ttese  measurements 
were  made  on  the  motor  case  and  are  not 
necessarily  an  accurate  representation  of 
the  cliange  in  payload  vibration  level  How¬ 
ever,  in  the  normal  static  test  a  payload  is 
not  included). 

In  addition,  the  character  of  the  vibration 
induced  in  the  two  test  configurations  was 
quite  different.  In  the  coffin  shots,  the  vi¬ 
bration  appeared  as  a  series  of  damped 
transients,  probably  caused  by  particle  im¬ 
pacts  in  the  nozzle  area.  These  transients 
had  been  obscured  in  other  measurements 
by  the  large  acoustically-induced  vibration. 
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rig.  4  -  Effect  of  coffin  on  vibration  of  Arcon  motor  wall 
during  static  firing 


CORRELATION  V^ITH  FLIGHT  DATA 

The  correlation  between  vibration  meas¬ 
urements  taken  (hiring  the  coffin  tests  anci 
vibration  measurements  taken  during  flights 
anoears  Quit*  owiH*  AmdaMo 

that  from  three  Arccn  coffLi  firings^  one 
Arcon  flight,  four  X-248  coffin  firings,  and 
two  Javelin  rocket  flights  in  which  the  X-248 
motor  was  the  final  stage  of  a  four-stage 
vehicle. 

%)ectral  analyses  of  vibration  at  the  base 
of  the  Arcon  payload  show  the  same  general 


♦It  should  be  noted  that  the  flight  vibration 
environment  includes  aerodynsunic  turbu¬ 
lence  as  a  possible  source.  la  some  situa¬ 
tions,  aerodynamically  induced  vibration 
has  obscured  lower  levels  of  motor  induced 
vibration,  in  which  case  the  correlation  of 
results  as  cited  here  cannot  be  expected. 


profiles  and  levels  both  (hiring  the  coffin 
testa,  and  during  flight  (Pig.  5  and  Fig.  6). 

La  ttddltioc,  the  impulsive  transients  observed 
from  the  coffin  data  were  also  evident  from 
the  flight  measurements. 

The  coffin  firings  had  indicated  that  the 
X-248  motor  induced  quasi-perlcdlc  vibra¬ 
tions  of  significant  amplitude,  but  no  random 
vibration  of  c(»)sequence.  Qiusi -periodic 
vibrations  are  characterised  as  "almost 
periodic,"  but  of  varying  frequency  or  am¬ 
plitude.  As  pertaining  to  the  X-248  motor, 
they  are  associated  with  oscillatory  burning 
modes  In  the  gas  cavity.  Ibese  modes,  in 
turn,  are  functions  (jf  the  cavity  dimensions. 
During  the  coffin  tests,  measured  vibration 
levels  at  the  payload  attachment  plane  ranged 
as  high  as  50  g  rms  at  frequencies  above 
2000  cps,  and  averaged  4  g  to  10  g  rms. 
Comparable  measurements  during  the  flight 
produced  quasl-perlodlc  vibration  levels  in 
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CONCLUSION 


Fig.  5  -  Motor  induced  vibration  at  base  of 
Arcon  payload  during  coffin  firing  (SR  159) 


the  same  frequency  range  to  00  g  rms. 

Flight  data  also  substantiated  the  absence  of 
random  vibration  excitation  which  was  noted 
from  the  coffin  data  (1). 


The  dlfficulUee  of  obtaining  reliable 
environmental  vibration  data  are  famiHar 
to  many  whose  concern  is  rocket  reliability, 
and  measurements  obtained  during  static 
firings  provide  one  way  of  circumventing  at 
least  some  of  these  cUfSculties.  The  cost  of 
statically  fired  motors  is  comparatively 
modest,  their  scheduling  precedes  and  is 
more  flexible  than  that  of  actual  flights,  and 
there  is  no  immediate  limit  to  the  instru¬ 
mentation  which  can  be  empltqred.  Flrom 
the  evidence  cited  above,  it  appears  that  the 
use  ot  qwclal  test  fixtures  such  as  those 
described,  can  contribute  materially  to  the 
reliability  and  accuracy  of  such  measure¬ 
ments. 


FREQUENCY  (CPS I 


Fig.  6  -  Vlbrition  at  base  of  Arcon  payload 
during  flight  (SCL  47) 
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DiSCU-SSION 


Mr.  Charles  Sklllas  (Bendlx  Aviation): 
Have  you  found  any  degree  of  correlation 
between  the  vibration  data  you  have  taken 
on  the  static  firings  with  that  taken  from 
actual  flights  of  the  same  motors  ? 

Mr.  Oleson:  Yes.  We  found  a  substantial 
correlation.  Of  course,  flight  data  are  some¬ 
times  difficult  to  come  by  so  that  In  the  sta¬ 
tistical  sense  our  flight  data  are  inadequate. 
However,  what  flight  data  we  have  does  agree 
very  well  with  the  measurements  we  have 
taken  during  the  coffin  tests. 


Mx,  Stern  (General  Electric):  In  the  de¬ 
sign  of  the  fixture  from  an  acoustic  stand¬ 
point,  did  you  consider  the  fact  that  the  coffin 
might  have  acted  as  a  Helmholtz  resonator  ? 
It  Beems  tliat  when  you  got  your  correlation 
between  the  free  flight  and  the  box  that  you 
might  have  introduced  an  error.  I  wonder 
If  this  was  ccmsldered? 

Mr.  Oleson;  The  answer  to  that  question 
is  no,  we  didn't  consider  it.  To  the  best  of 
my  .knowledge  this  wasn't  a  condition  inas¬ 
much  as  the  measarements  Inside  the  coffin, 
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while  they  did  indicate  certain  maximum 
frequencies  of  acoustic  energy,  might  well 
be  attributed  to  the  reflection  inside  the 
coffin  even  though  we  did  have  acoustic  ab¬ 
sorbent  material  in  there. 

1^.  Frlcke  (^11  Aircraft  CorporaUcyl;  I 
think  this  question  can  be  answered  I  think 
the  motor  casing  resembles  more  or  less  an 
sMcholc  chamber  having  a  very  high  absorp¬ 
tion.  For  this  reason  no  standing  waves  can 
be  expected. 

Ite.  ttdpley  (Jet  Propulsion  Laboratory); 

I  noticed  oo  the  Vanguard  motor  that  the 
noxxle  wu  running  separated.  I  wonder  if 
you  ran  the  same  test  in  a  vacuum  chamber 
or  with  a  lofwer  expansion  ratio  nosale  and 
if  you  saw  any  difference  ? 

Mr.  Oleym:  We  did.  The  X-248.  Of 
the  four  coffin  firings  we  made,  two  of 
them  had  altitude  nossles  such  as  the  one  I 


pictured,  and  two  iud  sea  level  nozzles  in 
which  the  nozzle  was  cut  oft  to  prevent  over¬ 
expansion.  It  was  interesting  to  note  that 
there  was  a  difference.  I  mentioned  in  the 
talk  that  we  saw  little  random  vibration  of 
consequence.  The  only  time  we  did  see 
what  appeared  to  be  random  vibration,  this 
Is  in  the  payload  area,  was  on  the  two  firings 
In  which  we  used  altitude  noazles.  This 
maximised  at  somewhere  between  tsro  and 
four  hundred  cycles  and  had  levels  on  the 
order  of,  we  will  say,  less  than  .01  g^/cps. 
Generally,  we  dl(fei't  see  it  In  the  sea  level 
noaales.  With  flight  data  one  has  an  addi¬ 
tional  problem,  the  slgnal-to-noise  ratio 
becomes  difficult  at  times,  but  to  the  best 
of  our  knowledge,  or  to  the  best  of  our  in¬ 
strumentation  I  should  say,  there  was  no 
random  vibration  induced  during  flight  above 
the  level  of  1  g  rms  which  means  again  that 
it  would  be  of  little  consequence  and  in 
essence  this  substantiates  the  coffin  meas¬ 
urements. 
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The  two  most  fundamental  descriptions  of  random  vibration  are  in 
terms  of  power  spectra  and  probability  distributions.  Usually,  the  two 
are  not  of  equal  importance.  Which  is  more  significant  depends  on  the 
application  at  hand.  In  respect  to  describing  the  environment  of 
equipment  mounted  in  a  missile,  ordinarily  the  power  spectrum,  not  the 
distribution,  is  significant.  In  respect  to  laboratory  testing  to  deter¬ 
mine  material  properties  under  random  stress,  the  rms  stress  and  the 
probability  distribution  of  the  stresses  have  particular  significance. 
Likewise,  In  respect  to  failure  of  the  airframe,  the  rms  stress  and  the 
probability  distribution  of  stresses  at  the  point  offaUure  are  likely  to 
be  more  Important  than  the  details  of  the  power  spectrum. 


INTRODUCTION 

It  may  be  taken  as  a  fundamental  principle 
that  the  details  of  the  probability  distribution 
of  a  vibraticn  (1.  e.,  tte  deviations  from  a 
Gaussian  distribution)  are  of  primary  impor¬ 
tance  only  when  the  measurements  are  made 
at  the  point  where  the  failure  or  malfunction 
under  consideration  would  take  place.  The 
details  of  the  power  qiectrum,  on  the  other 

uauU|  «uc  AAa4|svA  immsQ  wucu  iuo  viwAmttvu 

cannot  be  associated  with  one  or  two  major 
resonances  of  the  structure  where  it  is 
measured,  for  purposes  of  the  failure  or 
maUunctlon  under  consideration.  Three 
different  cases  are  considered  in  this  paper. 
As  the  considerations  and  conclusions  perti¬ 
nent  to  each  are  somewhat  different,  they 
will  be  treated  separately,  in  succession. 


EQUIPMENT  ENVIRONkiENTS 

Equipment  fails  under  vibration  primarily 
because  of  excitation  of  mechanical 


resonators.  As  typical  equipment  resooates 
at  many  frequencies,  the  shape  of  the  power 
q>ectrum  at  various  frequencies  is  important 

Cn  the  ether  hand,  the  probability  distri¬ 
bution  of  the  motions  or  stresses  at  any  point 
of  failure  or  malfunction  within  the  equipment 
tends  to  be  independent  of  the  distribution  of 
the  excitation  at  the  mounting  points  of  the 
e'’!uipment;  thus  detailed  measurements  of 
the  dlEiribuiion  of  the  exciting  environment 
are  of  minor  significance.  Linear  filtering, 
which  is  one  of  the  influences  Involved  in  the 
transmission  of  vibration  from  any  one  point 
In  the  airframe  structure  or  equipment  to 
any  other,  tends  to  change  the  distribution  if 
it  is  not  already  Gaussian.  Usually,  the 
sharper  the  filtering  accomplished  by  a 
resonator,  the  more  nearly  Gaussian  the 
response  becomes.  Simple  nonlinearitles 
tend  to  produce  deviations  from  the  Gaussian 
distribution.  Imagine  a  vibration  transmis¬ 
sion  path,  through  a  lightly-damped  resonator 
and  through  a  nonlinear  element  to  a  region 
of  stres.s  concentration,  as  shown  in  Fig.  1. 
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Fig.  1  -  Mechanical  ay  item  with  filtering 
and  nonlinearity 


Whsther  the  orlgiiial  dletribuUon  wae  Gbum- 
Ufi  or  not,  the  reioDator  tenda  to  hare  a 
Gauaslan  redponae.  The  nonlinear  element 
In  turn  producea  a  noQ-Gauaaian  diatrlbutlon 
at  the  point  where  failure,  If  any,  occura. 
Tlaia,  the  final  diatrlbutlon  may  be  non- 
Gauaalan,  but  it  tenda  to  be  independent  of 
the  diatrlbutlon  at  tht'  input  of  the  ayatem. 

In  ahort,  teating  with  Gauaalan  random  vi¬ 
bration  may  ordinarily  be  espected  to  liave 
the  name  effecta  aa  teatlng  with  the  actual 
dlatributiona  of  flight  Even  in  exceptional 
caaes,  the  dlfferencea  in  the  effecta  are  atUl 
likely  to  be  much  leaa  than  the  dlfferencea 
inherent  in  the  pollciea  for  deriving  teat 
requirementa  from  flight  data.  It  ia  doubtful, 
aa  a  practical  matter  that  any  data  on  flight 
vibration  dlatributiona  are  of  uae  even  in 
evaluating  the  reallam  of  vibration  teat  re¬ 
quirementa.  ‘Ihua,  for  application  to  envi- 
roomantal  teatlng,  it  is  auflicient  to  aasume 
that  the  excitation  of  equipment  in  fli(^t  la 
Oauaaian  even  when  perceptible  dlscrepan- 
ciea  can  be  observed. 

The  development  of  equipment  to  with¬ 
stand  shock  and  vibration  is  accompliahed 
primarily  by  testing  and  redesign.  The  en¬ 
gineer  who  would  like  to  use  more  sophisti¬ 
cated  techniques  and  actually  calculate 
responees,  taking  chanj^s  in  probability 
distributions  into  account  in  theoretical  de¬ 
tail,  faces  formidsoje  probiems.  To  oe  sure, 
exceptional  caies  can  be  devised  where  fll- 
terb^does  not  make  vibration  more  Gauss¬ 
ian.  There  are  mathematical  techniques 
that  can  be  applied  to  the  alteration  of  dis¬ 
tributions  by  filters  or  nonlinear  elements, 
but  they  are  cumbersome,  in  general  they 
assume  special  properties  such  as  statistical 
Independence  In  different  frequency  bands, 
which  are  least  likely  when  the  vibration  is 
distinctly  nou-Gaussian.  Some  investigation 
of  distributions  for  the  sake  of  fundamental 
understanding  is  to  be  encouraged,  but  there 
is  little  practical  utility  to  routine  detailed 
measurements  of  distiTbutions  at  points, 
such  as  the  mounting  points  of  equipment 


to  the  airframe,  where  few  of  the  equipment 
faihires  or  malfunctlonB  are  expected. 


MATERIAL  PROPERTIES 

There  has  been  some  diacusslon  recently 
of  the  possibility  of  measuring  the  fatigue 
properties  of  materials  with  random  excita¬ 
tion  as  opposed  to  periodic.  This  would 
avoid  either  the  somewhat  difficult  problem 
of  derivisg  random  fatigue  characteristics 
from  periodic  fatigue  characteristics  on 
theoretical  grounds  or  provide  a  better  un¬ 
derstanding  of  the  relationship  so  as  to  put 
theory  on  a  firmer  basis. 

Fatigue,  eq>eclaliy  in  equipment,  fre¬ 
quently  occura  aa  the  result  of  one  dominant 
rtaoMDce.  R  is  seldom  tlmt  more  than  two 
or  three  eontribute  significantly.  It  would 
aippear  thut  a  somawhat  peauimistlc  basia 
iot  estimating  fittigue  is  readily  obtainable 
by  considering  the  overall  rms  vibration  to 
be  concentrated  at  the  highest  frequency  of 
resonance  that  coetributea  significantly. 

Thus,  a  logical  first  step,  at  least,  In  inves¬ 
tigating  random  fatigue  is  to  excite  materials 
with  a  narrow-band  random  vibration  of  an 
approximately  Gaussian  distribution  and  a 
prescribed  rms  stress.  So  long  as  the  band 
is  narrow,  one-third  octave  or  preferably 
less,  the  fatigue  data  will  be  affected  little 
by  tte  detailed  shape  of  the  power  spectrum. 
The  details  of  the  probability  distribution. 

Oil  the  other  hand,  may  be  more  significant 

Consider  such  a  question  as,  "Will  steel 
under  random  excitation  have  a  fatigue 
limit  ?"  If  the  tails  sf  the  probability  dis¬ 
tribution  at  the  point  of  fiilliure  ai‘e  sharply 
limited,  the  answer  is  a  clear-cut  yes.*  If 


♦However,  electronic  limiting  of  the  current 
to  a  shaker  does  not  result  in  similar  sharp 
limiting  at  the  failure  point  if  there  is  a 
mechanical  resonator  in  the  transmission 
path. 
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there  is  no  deviation  from  the  Gaussian  dis¬ 
tribution,  it  is  difficult,  without  actual  data, 
to  say  whether  there  would  be  a  random 
fatigue  limit-some  fatigue  might  occur  for 
all  rms  levels  ct  excltatfon.* 

Careful  examination  of  the  coodltlons 
where  fatigue  Is  expected  In  the  airframe  or 
within  equipment  dtuing  flight  may  very  well 
dlscloae  some  deviations  from  the  Oeuii^mii 
distribution,  well  out  on  the  tails.  The  non- 
llnearities  Inherent  in  fatigue  and  the  non- 
linearities  of  the  test  apparatus  also  tend  to 
produce  tese  during  test  if  Uieir  influence 
is  not  controlled.  Isolated  half  cycles  of  high 
strain  or  stress  seldom  occur  under  random 
excitation.  Usually,  large  stresses  or  strains 
are  attained  In  the  course  of  a  long  series  of 
cycles  of  progressively  increasing  magnitude, 
llie  duration  of  the  wave  train,  until  the 
largest  cycle  is  reached,  is  of  the  order  of 
the  reqionse  times  of  the  resonators  through 
which  the  vlbratiaa  was  transmitted.  Fatigue 
is  M  energy  absorptive  mechanism,  with 
little  tendency  to  ecatter  about  tuo 
qwctrum  la  comparison  with  chattering.  Its 
absorption  is  pa^cularly  effective  in  a  res¬ 
onator  that  otterwlse  has  lltUe  rfatwfitig. 

When  the  wave  train  builds  up  above  a  fatigue 
limit,  for  example,  energy  ia  abaorbed  from 
succsaslve  qrclaa  ao  that  the  maximum 
strssa  finally  attained  is  much  less,  as 
suggistsd  by  the  sketch  In  Fig.  3.  Thus, 
when  ths  tails  of  a  Gaussian  distribution 
r«pr«ee!itlng  stress  In  a  lightly  damped  res¬ 
onator  sxtsnd  beyond  a  fatigue  limit,  they 
will  tend  to  be  rolled  off. 

It  can  be  seen  that  fatigue  cbta  will  be 
quite  dependent  cm  the  character  of  the  tails 
of  distribution,  eqieclally  with  materials 
that  tend  to  be  brittle  or  exhibit  definite 
totigue  limits.  Some  standardixation  is  nec- 
Mgfunry  before  measuremect  of  random  fs- 
tlgue  becomes  a  routine  materials  test  Two 
approaches  appear  promising.  One  is  to 
test  with  a  distribution  as  close  to  Gaussian 
as  precticaL  Just  what  actual  compromise 
is  possible  without  affecting  the  data  can  be 
determined  by  preliminary  experiments  with 
typical  materials.  Small  amounts  of  tail 
clipping  may  result  in  large  discrepancies 
for  fatigue  by  low-level  excitations.  It  may 
be  necessary  to  decide  on  the  range  of  levels 
of  greatest  Interest  and  place  tolerances  cm 


♦Some  ste;ls,  in  particular,  exhibit  no  fatigue 
for  sinusoidal  stresses  below  a  certain 
level:  this  level  Is  knovm  as  the  fatigue 
liiriit. 


Fig.  2  -  Effect  of  fatigue  on  the  occurrence 
of  a  large  stress 


the  probability  distribution  accordingly.  The 
other  approach  is  to  shape  the  tails  of  the 
test  distribution  as  closely  as  possible  after 
the  dietributloas  that  occur  where  the  mate¬ 
rials  are  in  use,  with  the  intent  of  rnsktig 
the  elmple  comperleco  of  rms  levels  u  In¬ 
dicative  ae  possible  of  the  fetigue  propertlse 
of  materials  as  they  are  used. 


AIRFRAME  FAILURE 

la  respect  to  fatigue  of  an  slrframe  struc¬ 
ture,  messorements  of  vihntion  at  eome 
distance  from  the  point  of  tellnre  have  lim¬ 
ited  elgnlfl  canoe.  It  may  be  posalble  to  es¬ 
timate  toe  power  apectnam  at  the  point  of 
failure.  On  the  other  hand,  it  will  eeldom  be 
practical  to  compute  deviations  from  the 
Gaussian  distributioo  at  the  failure  point 
from  deyiatluis  at  other  points  in  the  struc¬ 
ture  or  from  devlatioDs  in  the  exciting 
acoueUc  noiee  or  turbulence  outside  the  aHn. 

W/ien  meariireoisatB  are  madr  at  the  point 
of  failure,  it  ie  lU^sly  that  the  vibraiicn  will 
be  found  to  be  concentrated  in  a  small  number 
of  rescoancee.'"  If  so,  the  details  of  the 


♦It  does  not  follow  that  the  excitation  of 
equipment  mounted  to  the  airframe  can  be 
considered  to  be  concentrated  in  a  small 
number  of  resonances.  Equipment  is'  not 
ordinarily  mounted  where  the  noise  level  is 
high  enough  to  induce  vibration  fatigue  of 
the  airframe.  Even  if  the  equipment  were 
mounted  exactly  where  this  fatigue  takes 
place,  the  equipment  would  have  resonators 
of  its  own.  These  could  easily  accentua.te 
portions  of  the  spectrum  that  do  not  happen 
to  be  important  to  the  particular  airframe 
fatigue  problem  under  consideration. 
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power  spectrum  at  other  frequencies  are  of 
little  Importance.  The  most  significant  fac¬ 
tors  appear  to  be  the  frequencies  of  reso¬ 
nance,  the  correaponding  rms  reiq}onBes, 
and  the  overall  probability  distribution. 

Some  nonlinearities  tend  to  broaden  the 
tails  of  a  distrlbutltm.  However,  the  noo- 
linearltiei  associated  with  fatigue  tend  pri¬ 
marily  to  absorb  energy  from  the  cycles  of 
larger  ampUtude,  especially  for  materials 
exhibiting  a  definite  fatigue  limit  Thus,  for 
low  and  moderate-level  excltatioo  they  tend 
to  narrow  the  distribution  and  decrease  the 
damage. 

A  brief  survey  of  the  distributions  at  pos¬ 
sible  airframe  failure  points  would  be  help¬ 
ful  either  in  determlni^  the  best  distributions 
to  use  In  fatigue  testing  of  materials  or  in 


detei  mixiiiig  the  best  corrections  to  apply  to 
fatigue  data  measured  with  an  essentially 
pure  Gaussian  distribution. 


CONCLUSION 

It  Urns  appears  that  fw  the  excitation  of 
equipment,  the  power  spectrum  in  detail, 
but  not  the  over-all  probability  dlstrlbutloc 
nor  the  distribution  within  any  reetricted 
frequency  band,  li  of  algalficance.  As  fatigue 
measurement  can  be  accomplished  by  reso¬ 
nant  excitation,  details  of  the  power  spectrum 
are  unnecessary,  but  some  aipects  of  the 
distribution  are  important  In  relation  to 
airframe  failures,  some  details  of  the  power 
q)ectnim  and  some  details  of  the  probability 
distribution  will  undoubtedly  be  found  to  be 
important 


DISCUSSION 


Mr.  Mustaln  (Noralr  Division,  Northrop 
Coi^.);  I  was  interested  In  Wig,  i]  Dr. 
Morrow,  where  you  showed  the  decay  of  the 
reqionse.  This  Is  a  type  of  picture  I  would 
get  when  I  put  excitation  into  an  airplane 
panel  and  then  take  the  excltaUon  oft  Obvi¬ 
ously  you  kept  the  excitation  going  but  your 
responee  was  going  down.  I  don't  understand 
what  caused  the  decay.  I  wondered  if  par¬ 
tially  this  is  material  damping,  nonlinear- 
Ities?  Wbuld  you  clear  me  up  on  that? 

Dr.  Morrow;  WeU,  this  would  not  neceo- 
sarlly  happen  in  practice,  but  it  could  happen. 
There  1»  a  sizeable  Interval  In  the  figure 
when  excitation  goes  above  the  fatlpe  limit 
and  during  that  interval  energy  is  absorbed. 
Now  It  Is  quite  possible  then  that  once  the 
excitation  comes  down  below  the  fatlpe 
limit,  ths  response  one  pts  would  be  less 
than  it  would  be  If  this  energy  had  not  been 
absorbed.  Furthermore  it  Is  quite  possible 
for  the  response  to  p  on  dccrcOolng  much 
as  U  would  have  ii  the  absorption  had  not 
taken  place.  I  won't  parantee  that  this  will 
occur  in  all  cases  because  just  what  happens 
will  depend  on  a  lot  of  details.  You  can  have 
beating  effects  between  the  transients  re¬ 
maining  when  the  thing  comes  below  the 
fatipe  limit  and  the  excitation  still  persist¬ 
ing.  This  is  one  possible  thing  that  can 
happen. 

Mr.  Moore  (North  American  Aviation);  In 
Jstening  to  your  paper,  Dr.  Morrow,  Il^aB 
1  emlnd'ed  of  two  things.  First  of  all  was  my 


recollection  of  the  student's  prayer,  "Oh, 
Lord,  please  make  nature  linear  and  Gauss¬ 
ian."  I'his,  of  course,  you  emphasized  In 
your  paper.  The  other  was  that  I  was  won¬ 
dering  if  you  had  extended  your  thinking  to 
the  nonlinearity  that  exists  in  the  higher 
acoustic  levels—an  explanation  of  this  non¬ 
linearity  perhnps  along  the  aamy  Unsg. 

Dr  Morrow;  We  can  expect  nonlinearity 
at  high  acoustic  levels  for  the  reason  that 
the  pressure  can  never  drop  lower  than  a 
vacuum,  and  so  if  we  arrive  at  levels  that 
are  high  enough  to  sugpst  peaks  greater 
than  16  pounds  per  square  inch  wc  can  ex¬ 
pect  positive  peaks  to  exceed  the  neptlve 
peaks.  However,  there  is  no  reason  to  ex¬ 
pect  the  same  situation  to  persist  by  the 
Ume  you  look  at  the  excltaUon  In  U>e  air¬ 
frame.  There  is  enough  filtering  that  takes 
place  In  between,  perhaps  nonlinearity  too, 
to  make  the  sltuaUon  look  quite  different. 

Stern  (General  Electric):  The  theme 
of  the  paper  was  quite  InteresUng.  This 
brought  up  a  question  asked  me  about  a  month 
ago  and  I  think  a  lot  of  designers  are  con¬ 
cerned  with  this.  In  many  designs  people 
have,  let's  say,  satisfactorily  desigied  a 
chassis  that  would  take  10  g's  (10  to  2,000 
cycles  per  second)  and  they  have  done  this 
successfully.  Siddenly  someone  comes  along 
with  a  random  spec  and  we  would  like  to 
know  what  Is  the  equivalent  in  damage  be¬ 
tween  the  sinusoidal  spec  and  the  rindom 
spec  we  have  now  been  asked  to  perform. 
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I  wonder  if  you  can  give  a  number,  say  10  g, 
10  to  2,000  cycles  per  second  eouals  xg^/cps. 
What  Is  X? 

Dr.  Morrow:  i  can  say  on  good  authority 
that  I  dwi't  know.  [Laughter]  However,  I 
would  like  to  say  that  if  one  looks  at  the 
Gaussian  distribution  very  literally  and 
makes  a  criteria  on  the  basis  of  a  chance  of 
collision  in  a  particular  length  of  time  ouch 
28  a  missile  flight,  one  can  often  arrive  at 
an  extremely  conservative  design  criteria 
wiiicii  is  not  very  realistic  and  I  thii*  part 
of  the  point  is  that  when  you  do  get  fstigue 
there  will  be  some  reduction  in  the  tail.  A 
little  investigation  of  this  might  be  helpful. 

Galef  (Radioplane);  I  was  wondering 
jusFhow  nonlinear  some  of  the  equipment 
that  we  are  talking  about  might  actually  be. 

It  would  appear  that  if  the  stresses  are  well 
above  the  elastic  limit  they  will  cause  ex¬ 
cessive  deformation  and  almost  immediate 
damage.  If  the  stresses  are  down  sufficiently 
low  that  fatigue  is  a  consideration  and  I  be¬ 
lieve  this  is  usually  the  case,  our  equipment 
will  be  very  close  to  Unear  and  the  probabil¬ 
ity  dlstrlbuUon  at  the  base  will  then  be  im¬ 
portant.  Now  how  nonlinear  are  these  ? 

Dr.  Morrow;  I  disagree  that  the  distribu¬ 
tion  at  the  base  is  In^rtant  If  the  equipment 
is  linear.  The  distribution  gets  reshuffled 
anyway.  It  just  gets  shufflcu  in  a  dluereni 
manner  and  the  filtering  by  itself  will  be 
shuffling. 

Mr.  (^e.f;  Perhaps  it  would  be  appropri- 
ate  to  arbitrarily  use  a  Rayleigh  dlstrlbuUon. 

I  think  the  probability  dlstrlbuUon  is  defi¬ 
nitely  Important  Iwth  from  Uie  point  of  view 
of  extreme  limltfi  at  the  edge  of  your  tail 
ajid  also  from  the  point  of  view  of  fatigue. 

The  Ibiyleigh  distrlbuUor  might  be  as  close 
as  we  cau  possibly  find;  in  some  cases  you 
may  be  able  to  find  something  a  littie  better. 

Dr.  Morrow;  WeU,  one  thing  that  I  have 
indicated  is  that  even  though  the  dlstrlbuUon 
at  the  excitation  point  in  flight  may  be  non- 
Gaussian,  the  fatigue  or  malfuncUon  produced 
by  a  Gaussian  cxcltaUon  may  be  quite 
common. 

Another  point  I  UUak  we  should  be  clear 
on  is  that  if  we  have  a  complex  wave  shaker 
system  and  use  it  to  apply  a  random  test  and 
we  limit  the  distribuUon  to,  say,  3  Sigma,  it 
does  not  follow  that  the  distributions  at  the 
point  where  the  faUure  or  malfunction  oc¬ 
curs  are  limited  at  3  Sigma  and  there  is 


pretty  good  chance  they  will  never  know  that 
limiting  took  place. 

Mr.  Curtis  (Hughes  Aircraft):  Before  we 
get  away  from  usl^  the  probability  dlstrlbu¬ 
Uon  entirely,  I  think  for  data  anafysis  w« 
need  it,  or  correlation  aaalyals,  or  some 
method  that  enables  us  to  determine  what 
kliul  of  a  time  history  we  have  so  that  the 
data  analyst  doesn't  express  sine  waves  in 
terms  of  power  spectral  density  and  random 
functions  in  terms  of  sinewave.  Itseemato 
me  that  probability  distribution  is  one  of  the 
most  useful  techniques  of  doing  this. 

Dr.  Morrow:  I  quite  agree  that  we  should 
not  try  to  use  periodic  techniques  in  the  anal¬ 
ysis  (rf  random  vibration  or  vice  versa. 
However,  there  are  more  powerful  techniques 
for  telling  the  dlHerence  tiuui  looking  at  the 
probability  distribuUon. 

If  you  want  to  take  the  time  to  examine 
these  things  closely  the  correlation  function 
is  a  better  indication  than  the  distribution. 

Mr.  Curtis:  I  agree  with  your  comments 
although  I  do  believe  that  the  expense  of  data 
reduction  using  correlation  techniques  at 
this  time  is  much  greater  than  for  the  prob¬ 
ability  distribution. 

Dr.  Morrow;  Let  me  point  out  there  is  a 
great  deal  of  difference  between  (1)  Just  tell-', 
Ijig  whether  vibration  is  random  or  periodic  ' 
when  you  are  presented  with  a  curve  and  no 
other  information  about  it,  and  (2)  saying 
whetlier  vibration  is  random  or  periodic 
when  there  is  a  flight  about  to  take  place 
and  you  are  trying  to  guess  what  is  going 
to  happen.  If  you  know  a  little  bit  about  what 
the  sources  of  the  vibration  are,  you  know  a 
good  deal  more  about  what  to  expect  than 
you  can  decipher  Just  from  looking  at  a  rec¬ 
ord.  I  think  in  working  with  a  particular 
rocket  engine,  especially  if  there  have  been 
some  captive  firings,  one  can  get  some  idea 
in  advance  of  where  to  expect  quasi-periodic 
functions  due  to  combustion  instability  and 
look  for  them.  In  between  one  can  expect 
primarily  a  random  excitation. 

Mr.  Curtis:  Right,  but  I  always  fssl  that 
when  wc  are  talking  about  how  should  we 
analyze  the  data,  let's  assume  the  worst 
condition,  that  the  analyst  has  absolutely  no 
idea  what  is  on  that  tape  and  what  are  its 
characteristics;  because  often  I  think  he 
really  doesn’t.  Maybe  he  should;  perhaps 
he  should  talk  to  a  few  other  people  around 
the  company,  but  usually  I  think  he  is  flying 


blind  and  so  he  should  have  the  capability  of 
doing  this. 

I  am  not  saying  that  the  way  to  do  It  is 
probability  distribution.  I  am  merely  say¬ 
ing,  let's  find  out  these  things,  let's  not  Just 
keep  on  assuming  them  the  way  we  often  do. 

Dr.  Morrow:  I  think  the  data  reduction 
engineer  shoulB  be  Informed  about  what  he 
Is  trying  to  analyse  thereby  saving  him  from 
making  mistakes.  I  thhik  that  one  should 
take  a  real  good  qualitative  look  at  the  vi¬ 
bration  before  one  attempts  to  produce  spec¬ 
tra,  but  I  think  of  the  probability  distribution 
as  a  relatively  weak  tool  for  discovering 
quasi  sinusoids  and  there  are  a  number  of 
other  things  that  are  quite  informative  for  a 
small  amount  of  effort.  For  example,  you 
can  play  the  thing  Into  a  loud  speaker  and 
listen.  While  this  will  not  disclose  the  feeblie 
periodic  content  It  will  certainly  disclose  the 
more  violent  things.  You  can  lo<A  at  what 
happens  when  you  put  the  thing  through  band¬ 
pass  filters  which  you  can  do  very  quickly 
before  you  begin  an  elaborate  routine  data 
reduction  and  the  sinusoids  will  tend  to  stand 
out 

There  was  a  device  that  was  Invented 
several  years  ago  at  JPL*  which  could  be 
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used  to  track  a  quasi  sinusoid  produced  by 
a  solid  propellant  and  It  locked  on  that  thing 
and  tracked  It.  !f  one  has  a  device  of  this 
nature  one  can  give  it  an  Initial  tuning  roughly 
where  one  expects  difficulty  and  see  whether 
it  tracks,  and  with  a  lltUc  skiU  with  a  device 
of  this  nature  one  can  get  a  rather  sensitive 
Indication  of  whether  there  is  periodic  con¬ 
tent  or  not. 

Mr.  Brown  (Douglas  ^craft):  I  would 
just  like  to  comment  on  the  correlation 
method  of  finding  periodicities.  It  Is  not 
necessary  to  go  tlmough  the  effort  of  com¬ 
puting  a  whole  corre.latIon  function  but  Just 
to  look  at  the  correlation  function  for  very 
large  time  differences  which  is  not  a  great 
deal  of  effort  and  can  be  accomplished  very 
rapidly. 

Dr,  Morrow:  Yes.  Just  to  elaborate  a 
little  further,  if  you  .have  purely  random  vi¬ 
bration  then  the  correlation  function  is  some¬ 
thing  that  tends  to  decay  very  rapidly  over  a 
time  Interval  that  corresponds  roughly  to  the 
req>onse  time  of  the  resonators  involved, 
whereas  if  you  have  some  periodic  content 
then  the  thing  persists  much  longer. 

Now  there  is  a  little  bit  of  a  problem  here 
if  the  frequency  Is  changing  at  the  same 
time,  as  It  would  be  In  a  solid  propellant 
rocket,  but  I  think  there  are  a  number  of 
techniques  here  that  can  be  used  and  used 
fairly  quickly  that  are  more  powerful,  than 
Just  Lnvestigating  the  probability  distribution. 
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This  paper  describes  some  recent  measurements  of  the  near  noise 
field  of  a  turbojet  engine  and  the  response  characteristics  of  complex 
panel  specimens.  The  work  reported  is  part  of  a  program  concerned 
with  developing  methods  for  predicting  response  and  fatigue  life  of 
aircraft  type  structures. 


INTRODUCTION 

The  prcAlem  of  acoustic  fatigue  of  air¬ 
frame  structures  and  components  is  well 
known.  Recently  work  has  been  completed 
(1)  on  the  initial  phases  of  a  study  program 
to  develop  methods  of  predicting  the  re  ¬ 
sponse  and  fatigue  life  of  complex  struc¬ 
tures  excited  by  turbojet  engine  noise.  This 
program  may  be  considered  to  consist  of 
three  phases:  theoretical,  laboratory  test, 
and  field  test.  The  purpose  of  this  paper  is 
to  describe  the  field  test  portion  of  the  pro¬ 
gram,  associated  data  processing  techniques, 
and  a  few  of  the  results  obtained. 


RATIONALE  OF  THE  EXPERIMENTS 

The  main  objective  of  the  field  tests  to  be 
described  was  to  provide  data  for  determin¬ 
ing  the  validity  of  theoretical  response  pre¬ 
diction  method.  A  seccmdary  objective  was 
to  obtain  information  on  the  near  sound  field 
of  the  engine  both  inside  and  outside  the  jet 
wake.  These  two  objectives  were  the  basis 
for  establishing  the  tjipes  of  measurements 
that  were  made. 


REQUIREMENT  FOR  CORRELATION 
MEASUREMENTS 

Consider  a  test  panel  having  an  area  A 
and  excited  by  a  force  F(t).  In  essence, 
simple  theory  says  that  the  mean-square 
deflection,  (fi),  in  mode  will  be  proportional 
to  the  mean-square  force,  F^(t),  acting  on 
the  panel.  Thus 

F  ~  F^.  (1) 

Also  the  total  force  may  be  considered  as 
the  sum  of  the  forces  acting  on  a  set  of  ele¬ 
mentary  areas  which  comprise  the  total, 
panel  area, 

F(t)  =  Fi{t)+F2(.t)^F3(t)»--+F„(t)  (2) 
and 

W  =  (h){^)’  (3) 

where  n  =  the  number  of  elementary 
areas, 

F^(  t )  =  force  on  an  elementary  area, 
Pi^  =  pressure  on  an  elementary 
area. 
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For  example  if  n  =  2  the  total  force  Is  the 
Bum  of  two  pressure-area  products 

F(t)  ^  F,(t)  +  Fj(t)  -  yP.Ct)  +  -jPjft) 

(4) 

=  7(P,(t)  +  P,(t)). 

&)  this  case  the  mean-square  force  la  given 
by 

=  (tF  ^  "  2P,  P,)  .  (5) 


These  equations  and  the  notion  of  elementary 
areas  define  data  processing  and  field  test 
requirements  for  evaluating  the  panel  forc¬ 
ing  function. 

The  relation  between  mean-square  force 
and  panel  deflection  Implies  the  requirement 
for  measurement  of  panel  motion.  The  fa¬ 
tigue  aspect  of  the  problem  dictates  the  ne¬ 
cessity  of  measuring  panel  strain. 


FIELD  TEST  METHOTS  AND 
PROCEDURES 


A  general  expression  for  the  mean-square 
force  considering  (n)  equal  areas  Is 


+  2Pj  Pj  +  2P7F^  +  --- 
+  2P2P3  +  2PjP4  +  --- 

+ .  +  2P  .  P„  1  . 

n  ■  a  n 


+  2P7P; 


(6) 


+  2PjP. 


This  Involves  the  product  of  an  area  factor 
and  a  quantity  Including  the  sum  of  (n)  mean- 
square  pressures  plus  a  series  of  n(n  - 1)/2 
pressure  cross-products. 


For  stationary  random  processes  the 
mean-square  and  cross-product  terms  may 
be  evaluated  (2)  thus 


Pi(t)  Pjft) 


j  Pi(t)  Pjft)  dt  .  (7) 


and 


p5^  =  y|  p2(t)  dt  .  (8) 

The  normalized  correlation  function,  a  cor¬ 
relation  coefficient,  r ,  is  given  by 


Pi(t)  Pa(t) 

(Pj  rms)  (Pj  rms) 


Corresponding  relations  for  the  steady  state 
sinusoidal  case  are 


A  close-up  view  of  the  YJ-79  engine  with 
the  free  field  survey  microphones  is  shown 
in  Fig.  1.  The  engine  is  an  axial  flow  turbo¬ 
jet  with  afterburner  and  a  variable  converging- 
diverging  exhaust  nozzle.  Engine  R!?M  and 
exhaust  gas  temperature  were  selected  as 
operating  criteria  since  thrust  instrumenta¬ 
tion  was  not  available.  Jet  velocities  com¬ 
puted  from  the  operating  criteria  and  manu¬ 
facturers  data  on  thrust  and  airflow,  were 
1740  fps  and  2200  fps  for  Military  and  after¬ 
burner  engine  conditions  respectively. 

Measurements  to  determine  the  panel 
forcing  function  were  performed  at  two  loca¬ 
tions  in  the  noise  field;  40.1  feet  and  14.2 
feet  aft  of  the  nozzle-exit  and  15  feet  and  10 
feet  respectively  from  the  jet  centerline. 

Test  panels  were  placed  parallel  to  and  at 
the  same  height  as  the  centerline  of  the  Jet. 

The  panel  bolding  and  backing  frame  with 
microphones  and  test  panel  are  shown  in  Fig. 

2.  This  photo  illustrates  a  typical  arrange¬ 
ment  of  six  Altec-Lansing  2iBR  microphone 
systems  used  to  obtain  simultaneous  sound 
pressure  recordings.  Similar  test  setups 
were  made  at  both  field  locations  for  several 
boundary  conditions;  free  field,  rigid  panel 
and  various  panel  specimens.  The  panel 
shown  in  Fig.  2  (Flat  Panel  A)  Is  a  skin- 
stringer  substructure  20  by  40  inches  with 
individual  skin  panels  6  by  9  inches. 

Panel  deflections  were  measured  indirectly 
with  Glennlte  miniature  barium  titanate  ac¬ 
celerometers.  SR-4,  F25  type  strain  gages 
were  used  for  measurement  of  panel  strain. 
Maintenance  of  electrical  attachments  on 
these  transducers  presented  one  of  the  most, 
serious  problems  encountered  during  the  tests. 


Pj(t)  Pjft)  =  (Pj  rms)  (Pj  rms)  cos  a,  (10) 

and 


r  =  cos  a  , 


(11) 


Figure  3  shows  tlie  jetwakeprobo  coirolniiig 
three  flush-mounted  water-cooled  microphones, 
manufactured  by  Photocon  Research  Products. 
This  assembly  was  used  for  measurements 
of  sound  pressures  inside  the  engine  wake. 
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Fig.  3  -  Jet  wake  probe  aseembly 


Signals  from  all  transducers  were  re¬ 
corded  OB  a  14-cbannel  Ampex  Type  FR-114 
tape  recorder.  bidlTidual  attenuator  and 
amplifier  systems  were  employed  with  each 
data  channel  to  allow  a  15-db  peak  overload 
factor. 


DATA  PROCESSING 

Two  data  processing  systems  were  used 
to  analyse  the  tape  recorded  signals.  £a 
order  to  determine  correlation  coefficients 
and  wide-hand  mean-s<{uare  quantities  a 
q>ecial  purpose  analog  correlation  computer 
was  constructed,  Figs.  4  and  S.  Tlds  com¬ 
puter  is  a  major  part  of  the  corraiation  data 
processing  system  of  Fig.  6.  Narrow-band 
results  in  both  logarithmic  and  mean-square 


forms  were  produced  with  the  system  shown 
in  Figs.  7  and  8. 

The  special  p>irpose  analog  computer  uti¬ 
lises  comme  ially  available  components 
with  the  exception  of  the  Tape  Transport 
Control  unit  and  special  switching  circuitry 
for  tape  channel,  computation  function,  filter 
band  selection,  and  card  punch  programming. 
The  operational  integrator  is  time  controlled 
allowing  a  30-second  averaging  interval. 

The  punched  card  output  of  the  analog 
conqmter  together  with  transducer  calibra¬ 
tion  data  and  information  regarding  field- 
test  conditions  complete  the  input  to  an  IBM 
709  digital  computer.  This  computer  is  pro¬ 
grammed  to  solve  the  data  system  perform¬ 
ance  equations  in  terms  of  tte  desired  results; 
i.e.,  mean-square,  root-msan-squsure,  pres¬ 
sure  level  or  correlation  coefficient. 


RESULTS  AND  DlSCUSSICEf 

During  the  investigation  cross-correlation 
measurements  were  made  for  three  sound- 
field  boundary  conditions:  free  field,  rigid 
panel,  and  representative  substructure  test 
panels.  Measurements  were  performed  at 
two  field  locatioos,  as  mentioned  previously, 
for  most  oi  these  boundary  conditions.  The 
field  test  recordings  were  analyxed  with  the 
correlation  computer  described  above  by 
using  a  pair  of  1/S-octave  band  filters.  These 
results  have  been  plotted  as  correlograxns 
of  correlation  coefficient  against  microphone 
longitudinal  separation.  A  representative 
set  of  these  correlograms  are  presented  in 
Fig.  9.  The  Row  C  and  Row  D  notations  re¬ 
fer  to  the  two  examples  of  area-pair  se¬ 
quences  of  Fig.  10.  That  is,  these  correlo¬ 
grams  are  all  referred  to  tite  sound  pressure 


Fig.  4  -  Simplified  block  diagram 
of  correlation  computer 
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Fig.  5  •  Special  purpose  analog  correlation  computer 


Fig.  6  -  Block  diagram  of  correlation 
data  processing  system 
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Fig.  7  -  Block  diagram  of  narrow-band 
analyaii  system 


Fig.  d  -  Narrowband  analysing  equipment 
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(a)  Rigid  panel,  Row  C:  engine  condition- 
military  operation;  Location:  Ait— 
40.1  ft,  Radial- 15  ft 


(b)  Rigid  panel.  Row  D;  engine  condition- 
military  operation;  Location:  Aft— 
40.1  ft,  Radial- 15  ft 


(c)  Free  field.  Row  C;  engine  condition- 
military  operation;  Location;  Ait— 
40.1  ft.  Radial- 15  ft 


(d)  Rigid  panel.  Row  D;  engine  condition- 
afterburner  operation;  Location: 
Aft-40.1  ft.  Radial- 15  ft 


Fig.  9  -  Longitudinal  sound  pressure  correlation 


C-4. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

K) 

D-* 

1 

2 

3 

4 

5 

6 

7 

6 

9 

K) 

ELEMENTARY  AREAS 

TOTAL  NUMBER  OF  AREA  PAIRS* .  igQ 
EXAMPLES: 

(1)  ROWC;  Pei^,Pei^,Peift3,PciPe4,,..MPeiO 

(2)  ROWC-OiPcfP31,PeJM,Pcn’35,PcfPn,,,.PcIJ^ 
Fig.  10  -  Correlation  over  the  piiael  area 


of  area  Cl.  Consequently,  the  initial  coef¬ 
ficient  for  Row  C  would  ^  e;q)ected  to  be 
unity,  whereas  the  initial  coefficient  for 
Row  D  is  the  vertical  correlation  between 
areas  Cl  and  Dl. 

These  correlograms  all  have  the  form  of 
damped  cosine  functions,  if  the  exciting 
pressures  had  been  steady  state,  the  cor-  . 
relograms  would  be  simple  cosine  functions. 
For  the  Military  condition  the  correlograms 


for  both  Row  C  and  Row  D  approach  cosine 
functions  at  the  40.1 -feet  alt  location.  At 
the  same  location,  for  the  afterburner  condi¬ 
tion,  the  correlograms  decay  to  an  uncor¬ 
related  stale  quite  rapidly.  This  of  course 
implies  a  significant  sound  source  change 
between  the  two  engine  conditions.  Also,  at 
this  same  location,  t're  decay  of  vertical  cor¬ 
relation  is  more  apparent  for  the  afterburner. 

Longitudinal  sound  pressure  correlations 
14.2  feet  aft  of  the  nozzle-exit  and  10  feet 
from  the  Jet  centerline  are  presented  in  Fig. 
11.  These  are  for  Military,  Rigid  Panel 
conditions.  Row  C  and  D.  Compared  with 
the  data  for  40. 1  feet  aft  these  correlograms 
approach  the  uncorrelated  state  much  more 
nq;)idly  in  all  cases.  Since  these  effects  are 
related  to  boundary  location,  they  are  indi¬ 
cative  of  "apparent"  changes  in  source  char¬ 
acteristics  with  position.  In  other  words, 
close  to  the  nozzle-exit  the  source  tends  to 
appear  to  be  a  spatially  distributed  random- 
phase  phenomenon  while  farther  downstream 
the  source  tends  to  resemble  a  simple  generator. 
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(a)  Rigid  panel,  Row  Ci  engla*  coaditloa— 
military  operation;  Location;  Aft— 
14.2  ft,  Radial- 10  ft 


(b)  Rigid  panel.  Row  D;  engine  condition- 
military  operation;  Lotation:  Aft- 
Id.  2  (t.  Radial- 10  ft 


Fig.  11  -  L«ngitudinal  lound  preaeure  correlation 


Narrow-band  sottnd  pressure  spectra  for 
three  boundary  conditions  at  two  locations 
are  presented  in  Fig.  12  for  the  afterburner 
only..  The  ordlntite  for  these  curves  baa 
been  reduced  to  spectrum  level  (re:  0.0002 
dynes/cm2)  and  have  been  redrawn  from  the 
originals  which  exhibit  normal  plotting  scat¬ 
ter.  The  general  shape  of  these  curves  is 
characteristic  for  the  locatltme  selected, 
greater  low-frequency  content  downstream 
and  Increased  high-frequency  content  up¬ 
stream.  Average  overall  sound  pressure 
levels  shown  do  not  account  for  correlation 
but  are  ensemble  averages  for  a  large  num¬ 
ber  of  engine  runs. 

Typical  sound  pressure  excitation  and 
response  apectra  for  Flat  Panel  A,  described 
previously,  are  shown  In  Fig.  IS.  Ordinates 
for  these  curves  are  in  mean-square  units 
per  cycle  (power  spectral  density).  The 
strain  gage  sod  accelerometer  were  attached 
to  the  center-left-half  and  center  respectively 


of  on  Individual  akin  panel  6  by  9  inches.  The 
difference  in  mode  response  is  obvious.  In 
particular,  the  resonant  frequencies  for  the 
fundamental  end  1  by  3  mode  (first  two  peaks) 
are  observed  to  occur  more  nearly  at  the 
same  frequency  for  the  strain  gage  location 
compared  with  the  accelerometer  location. 

Jet  wake  spectra  and  constant  sound  pres¬ 
sure  level  free-fleld  contours  for  a  limited 
set  of  conditions  are  presented  in  Figs.  14 
and  15.  The  frequency  bands  referred  to  are 
the  center  frequenciea  of  the  octave  band  fil¬ 
ters  used  for  these  analyses.  Sound  pressure 
levels  have  been  reduced  to  mectrum  level 
values  (re:  0.0002  dynes/cm^). 

Spectra  for  microphone  locations  along 
the  ]et  centerline  show  a  slight  decrease  in 
high-frequency  content  with  increased  dis¬ 
tance  from  the  noiale  exit  (1).  Nearly  all  of 
the  sound  energy  appears  to  be  concentrated 
In  the  frequency  range  below  200  cps.  In  this 


(a)  Afterburner  oneration;  Location: 
Aft-40ft,  Radial- 15  ft 


(b)  Afterburner  operation;  Location: 
Aft- 14.2  ft,  Radial- 10  ft 


Fig.  12  -  Comparison  of  sound  pressure  spectra  (lO-cps  bandwidth) 


184 


(PMCSSUnC)^  OEM3ITT 
((P»f>*/CYCI.e) 


(b)  Panel  responie  (bending  itrain) 


H 

1 

■ 

H 

liii 

El 

IHJ 

nwetCKv  (cew 


(c)  Panel  reeponee  (acceleration) 


Fig.  13  -  Flat  Panel  A,  excitation  and  response  for  military  operation 
at  location:  Aft— 40.1  ft,  Radial--15  ft  (lO-cpc  bandwidth) 


(a)  For  military  operation  and  location: 
Aft-40  ft,  Radiai-O 


(b)  Afterburner  operation  at  location: 
Aft-40  ft,  Radial- 0 


Fig.  14  -  Jet  wake  sound  spectrum  analysis  (Z-cps  bandwidth) 
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(b)  For  afterburner  operation 


Fig.  15  -  Sound  pressure  iso-level  contours,  free  field 


respect  the  spectra  are  similar  to  the  spec¬ 
tral  density  of  turbulence  data  of  Ref.  (3), 
for  distances  greater  than  18  nozzle-exit 
diameters. 

The  constant  sound  pressure  level  con¬ 
tours  in  the  region  outside  the  exhaust  exhibit 
the  now  well-known  form  of  the  near  noise 
field  of  a  turbojet  engine  (5)  The  present 
results,  however,  include  contours  for  the 
interior  of  the  exhaust  wake.  Since  the  pri¬ 
mary  objectives  of  this  program  were  con¬ 
cerned  with  structural  response,  no  serious 
attempt  has  been  made  to  explain  these  por¬ 
tions  of  the  contours.  However,  even  casual 
observation  reveals  a  certain  degree  of  con¬ 
tinuity  along  the  nominal  wake  bcundary. 

Also,  the  general  form  of  the  wake  contours 
(^)pears  to  be  in  agreement  with  the  idea  of 
inward  radiated  sound  suggested  in  Ref.  (4). 


CONCLUSION 

Measurements  of  excitation  and  response 
of  substructures  in  the  near-noise  field  of  a 
turbojet  engine  have  been  completed.  These 
have  served  a  useful  purpose  in  providing  a 
basis  for  determining  the  validity  of  theoreti¬ 
cal  prediction  methods.  Also,  some  meas¬ 
urements  of  sound  pressures  within  the  en¬ 
gine  wake  were  obtained.  Further  investigations 
in  this  research  area  are  being  both  planned 
and  proposed  including  additional  correlation 
and  response  studies,  effects  of  multiple  jet 
sources,  and  development  of  improved  meas¬ 
urement  techniques 

The  work  described  in  this  paper  was 
supported  under  Air  Force  Contract  Number 
AF  33  (616)-5546. 
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DISCUSSION 


Mr.  Trotter  (Boeing  Airplane  Co.):  I 
would  like  to  ask  if  you  have  made  any 
narrow-band  cross  correlation  measure¬ 
ments  where  your  bandwidth  was  of  the 
order  of  a  panel  resonance  perhaps? 

Mr.  Parry:  No. 

Mr.  Stem  (General  Electric):  At  the 
opening  of  your  paper  I  got  the  impression 
you  were  going  to  give  some  correlation  be¬ 
tween  random  and  sinusoidal  damage,  and  I 
tried  to  follow  your  talk  very  closely  and 
perhaps  you  indicated  it  someplace  but  I 
didn't  get  it.  So  I  would  like  to  ask  a  spe¬ 
cific  question  again.  If,  as  a  result  of  this 
work  (a  man)  came  to  you  and  said  he  had  a 
10  to  2000-inch  bandwidth,  10  g  excitation 
and  he  wanted  an  x  g^/cps  equivalent  for 
when  the  thing  would  be  likely  to  fail  these 
panels,  what  would  x  be  ? 

Mr.  Parry:  This  is  a  good  question.  I 
don't  feel  ashamed  to  say  I  can't  answer  it. 

I  really  don't  think  there  is  anybody  here  who 
can.  In  fact,  I  think  from  the  way  ^ings  are 
going  it  will  be  some  time  before  it  can  be 
answered,  but  I  would  like  to  say  this,  that 
the  problem  of  sonic  fatigue  is  not  a  simple 
one,  at  least  I  don't  think  it  can  bs  nailed 
down  to  one  number. 

What  I  am  trying  to  do  here  this  morning 
is  to  show  you  the  measurements  that  we 
made,  why  we  made  them,  what  we  are  trying 
to  get  at,  what  the  actual  numbers  are.  There 
are  some  people  back  at  Lockheed,  unfor¬ 
tunately  they  are  not  here  with  me,  but  there 
are  people  who  have  been  working  on  theory. 
They  have  got  some  pretty  good  theories. 

They  feel  they  can  predict,  for  instance,  the 
resonant  frequency  of  a  complex  structure, 
such  as  we  showed,  to  about  10  or  20  percent. 


They  are  always  a  bit  on  the  low  side,  and 
right  now  they  don't  know  why.  I  don't  know 
why  either,  but  there  are  essentially  two 
problems.  One  is,  do  you  have  a  fatigue  the¬ 
ory  which  says  essentially  why,  in  the  first 
place,  does  the  material  fall?  How  many 
cycles  of  loading  do  you  put  into  it  and  which 
way  do  you  put  them  in  and  so  forth,  to  make 
it  fall  consistently  so  you  can  predict  that 
failure?  Secondly,  you  have  to  know  in  com¬ 
plex  panels  like  t^se,  bow  does  the  dam 
thing  move.  In  other  words,  how  much  stress 
are  you  getting  at  what  frequencies  so  you 
can  compute  how  much  and  how  many  cycles 
you  are  putting  into  it  for  how  long?  Then 
in  a  complex  structure  like  this  you  have  a 
third  prc^lem,  can  you  locate  the  stress 
concentrator?  Because  really  you  Can't  say 
Just  because  you  know  how  it  Is  moving  that 
you  know  exactly  where  the  thing  is  going  to 
fall.  So  it  Is  pretty  complicated.  That  is  the 
best  I  can  do  for  you. 

Mr.  Mustain  (Norair  Division,  Northrop 
Corporation):  I  have  a  question.  I  am  used 
to  seeing  values  of  0. 1  maybe  up  to  around  1 
gVeps.  You  showed  values  up  to  2000  gV 
cps  which  to  me  is  of  earthquake  propor¬ 
tions.  Would  you  clear  me  up  on  that  one  ? 

Mr.  Parry:  Well,  I  don't  really  know  what 
data  you  are  used  to  looking  at.  All  I  can  say 
is  if,  for  Instance,  you  have  on  one  of  these 
curves  here,  a  mean-square  density  of  a 
thousand,  then  you  have  about  50  g's  in  that 
particular  mode.  I  really  don't  know  what 
your  data  is  so  I  really  can't  compare  it. 

■Mr.  Mustain:  I  am  concerned 

with  your  data,  not  mjr  data.  !  just  don't  see 
values  like  yours.  Ttot  is  what  I  don't  un¬ 
derstand.  You  have  g^/cps  in  values  of 
2000,  and  we  are  usually  talking  in  values 
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Mound  1  g^/cps  which  are  considered  fairly 
high. 

MrParry:  Let  me  say  this.  On  youi 
visual  observation  If  you  look  at  the  panel, 
for  Instance,  the  panel  from  which  this  data 
was  taken,  If  you  observe  it,  lo<*  at  It,  see 
how  It  is  moving,  if  you  look  at  the  acceler¬ 
ometer  that  is  mounted  on  it  ]mu  see  that  it 
is  moving  on  the  order  of  two-tenths  to  a 
quMter  of  an  inch  double  amplitude  under 
this  sort  of  excitation.  So  really  it  depends 
upon  how  much  excitation  is  that  you  have  on 
it.  If  you  don't  drive  it  very  hard  It  won't 
move  very  much,  you  know. 


Mr.  Mustaln:  [Shakes  head  negatively.] 


Dr.  Morrow:  1  think  we  can  add  one  or 
two  comments  to  the  question  of  levels  of 
power  spectral  density.  What  we  have  been 
talking  about  here  is  not  typical  of  the  exci¬ 
tation  of  equipment  for  two  reasons.  In  the 
first  place,  you  don't  normally  mount  equip¬ 
ment  on  the  portions  of  the  airframe  that  Me 
real  close  to  the  jet  exhaust.  You  try  to  avoid 
it  If  you  can,  and  yet  these  arean  arc  of  in¬ 
terest  In  connection  with  acoustlcaJ  fatigue 
of  the  airframe.  In  the  second  place.  If  you 
did  mount  equipment  there  It  would  load  the 
airframe  and  the  vibraUon  observed  would 
be  very  much  less  than  it  is  now.  So  for 
these  reasons  I  don't  think  there  is  a  con¬ 
flict.  It's  just  that  the  vibration  we  Me  con¬ 
cerned  about  at  the  moment  -  is  not  typical 
of  equipment  excitation. 


* 
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SUPERSONIC  AIR-TO-SURFACE 
MISSILE  VIMATION  PROGRAM 


J.  Lt.  Frarey  and  P.  W.  Kinnear,  Jr. 
North  American  Aviation,  Downey,  Calif. 


This  paper  givee  aome  reaolts  of  the  rather  critical  vibration  teat  pro¬ 
gram  of  the  "Hound  Dog"  misaile  carried  by  the  B-52.  The  data  ahowed 
atrong  diacrete  aignala  at  the  electrically  coincident  frequenciea  of  400, 
600,  1200,  and  2400  cpa.  Some  aapecta  of  the  effort  to  e^tabliah  con¬ 
fidence  in  thia  data  and  to  aeparate  electrical  noiae  from  vibration  will 
be  treated. 


INTRODUCTION 

The  Bound  Dog  Is  an  air-to-suriace 
cruise  missile,  about  tvo  thirds  the  sise  of 
a  small  fighter  aircraft,  powered  by  a  single 
ccnventional  turbojet  en^e  and  carried  in 
pairs  by  a  B-52.  The  missile  is  mounted 
between  the  B-52  inboard  raglne  pod  and  the 
fuselage  with  the  aft  portion  of  the  missile 
aft  of  the  inboard  engine  nossls  end  about  10 
feet  from  the  engine.  Figure  1  shows  the 
missile  location  when  mated  to  the  bomber. 
Thia  location  produces  a  very  severe  acous¬ 
tical  and  vibrational  environment  during 
ground  run-iq>  and  take-off.  The  runway  and 
B-52  wing  serve  as  reflectors,  actually  form¬ 
ing  a  chamber  tor  the  acoustic  energy.  As 
the  Bound  Dog  becomes  standard  armammit 
on  later  model  B-02  aircraft,  qiwrational 
missiles  must  withstand  the  stresses  of  avery 
large  number  of  take-offs  and  many  hours  of 
cagtlve  in-flight  cruise  environment.  This  in¬ 
flight  environment  is  also  severe;  therefore, 
these  factors  made  the  obtaining  of  vibration 
and  acoustic  data  (rf  prime  importance. 

One  of  the  most  important  questions  asked 
during  a  flight  tost  progrss  is  '"aum  good  are 
the  data  nbbiined?"  In  ordinary  measure¬ 
ments,  such  as  the  many  temperatures  and 
pressures  secured  during  a  flight  teat  pro¬ 
gram,  this  queetion  can  resolved  by  a 
detailed  error  analysis.  Then,  a  figure  may 


Fig.  1  -  Acoustical  energy  chamber.  A  one¬ 
sided  outline  of  the  B-52  Aircraft  with  a 
Hound  Dog  missile  sttsched.  The  aircraft 
body  and  engine  nacelle  form  the  walls  of  a 
chambar  for  acoustical  energy  while  the 
wing  and  runway  complete  the  bon  effect. 


be  quoted  for  the  accuracy  of  the  data.  While 
thia  type  at  analysis  may  be  made  on  vibra¬ 
tion  data  aa  well,  an  even  more  inq>ortant 
first  st^  is  to  have  a  general  feeling  of  con¬ 
fidence  or  trust  in  the  recorded  dsta.  The 
ability  to  sepande  the  vibration  data  from 
the  system  noise  is  of  prime  lasportaace. 

The  question  is  not  the  accuracy  of  tbe  data 
obtained  but  whether  the  signal  is  useful  data 
or  system  noise.  The  GAM-77  (Iteand  Dog) 
missile  vibration  program  is  the  subject  of 
this  paper,  with  emphseie  placed  on  the  Mfort 
made  to  establish  confidence  in  the  dnta. 


In  obtaining  early  vibration  data,  full- 
scale  dummy  missiles  were  used.  The 
prime  objective  of  these  dummy  missiles 
was  to  obtain  initial  captive  flight  load  data 
and  the  use  of  these  same  tests  for  vibration 
and  acoustic  data  was  a  bonus,  both  In  time 
money.  Full-scale  dummies  allowed  direct 
mass-ccntei  of  gravity  simulation  of  com¬ 
ponents,  hopefully  assuring  realistic  vibra¬ 
tion  response.  Spatial  simulation  of  compo¬ 
nents  afforded,  a^n  hopefully,  acceptable 
acoustic  response.  Although  t.here  were  no 
operaliing  missile  systems  or  engine,  it  wm 
known  that  the  missile  engine  should  add  less 
than  three  decibels  to  the  overall  sound  pres¬ 
sure  level,  while  the  major  contribution  from 
the  operation  of  missile  systems  should  be 
the  generation  of  discrete  frequencies,  Using 
information  obtained  from  these  dummy 
flights,  and  data  from  later  powered  missile 
flights,  a  reliable  basis  for  evaluation  of  the 
vibration  and  acoustic  environme.nt  was 
expected. 

In  making  vibration  measuremenia  on 
powered  missiles,  enough  measurements 
had  to  be  taken  to  establish  discrete  system 
Inputs  as  well  as  to  verify  the  dummy  mis¬ 
sile  data  obtained  previously.  The  major 
effort  on  powered  missiles  was  to  have  been 
on  early  missiles  so  that,  after  a  few  flights, 
enough  data  would  be  available  to  either 
validate  or  change  the  environmental  criteria. 
Because  of  instrumentation  malfunctions  and 
enough  surprises  in  the  data  to  reduce  the 
confidence  in  early  dummy  missile  data, 
totally  acceptable  daU  has  only  recently 
been  available  to  either  validate  or  change 
the  environmental  criteria.  As  detailed 
later,  the  dummy  data  differs  from  the  pow¬ 
ered  missile  data  in  a  predictable  manner. 


INSTRUMENTATION  SYSTEM 

The  vibration  measuring  system  employed 
was  a  conventional  arrangement.  It  consisted 
of  piezoelectric  accelerometers,  cathode  fol¬ 
lowers,  and  amplifiers.  The  B-52  contained 
an  instrumentation  capsule  located  in  the 
bomb  bay  and  a  one-inch  tape  recorder  in 
the  crew  compartment  to  allow  tape  changes 
in  flight.  The  missile  data  amplifiers,  for 
measurements  recorded  in  the  bomber,  were 
located  in  the  B-52  bomb  bay  capsule.  This 
arrangement  facilitated  calibration  of  the 
system  and  provided  a  temperature  con¬ 
trolled  area. 

The  accelerometers  used  were  medium 
output,  high-capacity  units,  with  a  natural 


frequency  of  approximately  10  kc.  These 
units  had  a  minor  resonance  at  approxi¬ 
mately  4  kc  and  were  listed  by  the  manufac¬ 
turer  as  being  good  to  3500  cps.  No  filtering 
was  used  in  the  system.  The  cathode  fol¬ 
lower  wpij  powered  by  +36  volts  on  the  plate 
with  the  cathode  returned  to  -36  volts  in  the 
transistorized  amplifier.  The  amplifier  had 
a  variable  gain  up  to  100  and  was  flat  +1  per¬ 
cent  from  5  cps  to  4000  cps  and  ±1  db  to  12  kc. 

The  Instrumented  powered  missiles  con¬ 
tained  a  telemeter  sometimes  used  for  vibra¬ 
tion  measurements.  The  top  three  standard 
IRIG  (narrow)  telemeter  channels  have  a 
normal  frequency  response  of  1050,  790,  and 
600  cps  respectively.  To  widen  the  response, 
the  filters  In  tlie  ground  station  demodulators 
were  changed.  Several  methods  of  Improving 
frequency  response  of  a  telemeter  were  dis¬ 
cussed  by  Beckman  (1)  in  a  previous  Sym¬ 
posium.  The  telemetry  was  used  to  check 
discrete  responses  and  low-frequency  ran¬ 
dom  signals  during  free  flight. 

The  B-52  contained  a  receiver  for  the 
reception  of  the  telemeter  signal.  T.he  com¬ 
posite  auciio  signal  output  of  the  receiver  was 
recorded  on  the  B-52  recorder  for  a  backup 
or  check  on  the  ground  recorded  telemeter 
data.  In  obtaining  the  necessary  frequency 
response  to  record  the  telemeter  signal,  the 
recorder  was  run  at  30-lnch  per  second.  As 
this  tape  speed  In  turn  sets  the  frequency 
response  of  standard  fm  electronics  used, 
the  frequency  response  of  the  vibration 
measurements  recorded  in  the  B-52  was  5 
to  5000  cps.  This  wide  response  exceeded 
the  accelerometer  manufacturers  specified 
frequency  range  by  1500  cps. 


GENERAL  INSTRUMENTATION 
PROBLEMS 

Before  detailing  some  of  tiie  more  subtle 
points  in  the  data  that  caused  concern,  a  few 
of  the  more  obvious  problems  will  be  ex¬ 
amined.  While  results  from  the  early  tests 
were  plainly  not  data  and  necessary  system 
modifications  were  straightforward,  although 
not  always  eafiy,  these  problems  delayed  the 
schedule.  Probably  more  Important,  they 
caused  the  data  to  be  analyzed  more  criti¬ 
cally,  particularly  for  any  electrical  inter¬ 
ference. 

The  most  common  problem  in  any  air¬ 
craft  instrumentation  system  is  the  necessity 
to  minimize  400-cps  electrical  noise.  The 
problem  was  compounded  in  this  case,  because 
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both  the  powered  missiles  aitd  the  bomber 
have  their  own  electrical  generating  sys¬ 
tems  and  the  instrumentation  is  one  of  the 
few  common  points  of  both  systems.  The 
dummy's  instrumentation  was,  of  course, 
powered  from  the  B-52. 

Time  code  generator  pulses  In  the  B-52 
occur  at  rates  of  10  pulses  per  second,  1 
pulse  per  second,  and  1  pulse  per  10  sec¬ 
onds.  These  are  heavy  current  pulses  and 
are  used  to  advance  counters  and  cameras 
In  the  B-S2.  Transients  at  til  these  rates 
were  observed  in  the  Listrumentation  sys¬ 
tem  until  electrical  contact  no*se  suppres¬ 
sors  eliminated  this  problem. 

Loose  connectors  in  the  system  can  of 
course  produce  transients  that  are  easily 
mistaken  for  actual  mechanical  transients. 
Coax  connectors  were  the  moat  common 
offenders  in  this  respect.  A  positive  method 
of  locking  these  connectors  was  necessary. 
Also,  any  momentary  Interruption  in  the 
power  supply  voltages  to  the  amplifier  would 
produce  large  transients. 


DATA  ANOMALIES 

After  eliminating  or  reducing  the  above 
problems,  the  data  still  showed  several 
anomalies.  At  times,  an  analysis  of  these 
anomalies  was  made  difficult  because  of  the 
data  reduction  e<iuipment  available.  The 
equipment  available  for  frequency  analysis 
had  a  ISO-cps  bandwidth  filter  and  a  one- 
second  sweep  time.  Since  considerable 
trouble  had  already  been  experienced  with 
the  measurement  system,  une}q>ected  results 
always  made  the  measurement  system 
suspect. 

Data  were  e]q)ected  to  be  below  2000  cps. 
Some  measurements  Indicated  considerable 
vibration  energy  in  the  range  of  2000  to  5000 
cps.  At  the  time  it  was  not  known  that  the 
accelerometer  had  a  minor  resonance  at  4000 
cps,  but  a  subsequent  report  from  the  accel¬ 
erometer  manufacturer  indicated  the  possible 
presence  of  this  resonance.  Thus,  at  the  time 
the  data  appeared  to  go  all  the  way  out  to  5 
kc  and  peak  at  the  higher  end.  Filters  which 
cut  off  at  2  to  3  kc  could  have  been  used  since 
the  accelerometers  were  being  used  beyond 
the  manufacturers  recommendation.  How¬ 
ever,  the  use  of  filters  at  this  point  was  re¬ 
jected  until  the  nature  of  these  high-frequency 
signals  could  be  determined. 

High-frequency  system  noise  Is  most  likely 
to  be  obtained  from  either  of  two  sources: 


acoustic  pickup  in  the  accelerometer  and 
cathode  follower,  or  from  the  reproduction 
of  discriminator  hiss  In  an  fm  recording  and 
playback  system.  Acoustic  response  was 
checked  In  two  ways.  The  transducer  and 
cathode  follower  were  tested  in  an  acoustic 
chamber.  The  results  of  this  test  showed 
that  the  sound  pressure  level  at  a  single 
frequency  would  have  to  exceed  163  db  in 
order  to  produce  signals  of  the  magnitude 
measured  in  the  4000-cps  region.  As  a  fur¬ 
ther  test,  the  accelerometer  was  shock 
mounted  in  the  dummy  missile  and  another 
flight  was  made.  Thus,  any  signals  above 
the  cutoff  point  of  the  shock  mounts  would  be 
either  electrical  noise  or  acoustic  respcnse 
of  the  accelerometer  or  cathode  follower. 
Only  small  signals  at  the  electrical  power 
frequency  and  the  odd  harmonics  of  this  fre¬ 
quency  were  observed. 

Many  locations  In  both  the  powered  and 
dummy  missiles  produced  complex  signals 
larger  than  predicted.  These  large  voltage 
signals,  when  injected  Into  an  fm  voltage 
controlled  oscillator,  would  over  deviate  it. 

In  the  ground  playback  of  these  signals,  the 
frequency  mb^lated  signal  Is  passed  through 
a  bandpass  filter.  V  the  frequency  modulated 
signal  exceeds  the  response  of  the  bandpass 
filter,  the  discriminator  sees  the  equivalent 
of  an  open  circuit  and  the  familiar  dlacrimi- 
nator  hiss  occurs.  To  insure  against  over 
driving  the  fm  ogclllators,  the  measurement 
ranges  were  Increased  to  better  contain  the 
complex  signal.  Later,  when  the  high- 
frequency  random  vibration  had  been  prop¬ 
erly  identified,  it  was  proved  that  there  was 
no  fm  distortion. 

Dummy  missile  data  also  showed  a  strong 
discrete  signal  at  SCO  cps  for  soiuo  '.ocaticcs. 
This  800-cps  signal  varied  in  magnitude  with 
applied  B-52  engine  power  just  as  would  be 
expected  of  a  vibration  signal.  However,  re¬ 
gardless  of  the  fact  that  the  400- cps  power 
showed  only  odd  harmonic  content,  the  rea¬ 
sonable  doubt  that  this  signal  was  the  result 
of  some  spurious  electfieai  interference 
could  not  be  erased.  To  further  complicate 
the  probliun,  powered  missile  data,  when  it 
became  available,  showed  strong  signals  at 
1200  cps  and  2400  cps  at  many  locations. 

One  location  also  indicated  a  very  strong 
400- cps  signal. 

SPECIAL  DUMMY  MISSILE  FIELD 
TEST  PROGRAM 

The  confidence  level  in  the  data  obtained 
by  this  time  was  low  or  at  least  controversial. 
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Tests  had  been  run  on  the  measurement  sys¬ 
tem  In  the  field  and  In  the  laboratory  and  all 
these  tests  seemed  to  Indicate  that  the  dis¬ 
puted  discrete  signals  were  not  electrical 
noise.  However,  the  coincidence  of  obtaining 
these  frequencies  seemed  too  great  to  be¬ 
lieve.  Also,  the  presence  of  high  frequency, 
high-amplitude  broadband  data  wu  still  ques¬ 
tioned.  In  order  to  establish  confidence  in  the 
data  or  correct  any  measurement  system 
problems,  a  special  program  was  instigated. 
The  prime  objective  of  these  special  teste 
was  to  investigate  the  vibration  daU  gather¬ 
ing  system.  An  Instrumented  dummy  missile 
and  a  B-52G  aircraft  were  assigned  to  this 
program  for  one  month.  It  was  agreed  that 
ground  run-iq)  tests  would  be  the  most  ad¬ 
vantageous  to  this  program. 

To  investigate  electrical  interference  in 
the  B-52  on-board  recording  system,  a  com¬ 
pletely  independent  ground  rccordLng  system 
was  established  to  be  used  during  ground 
engine  run-ups.  While  the  selectioi  of  a 
dummy  missile  for  this  test  was  a  schedule 
necessity,  it  proved  an  advantage  because 
all  dOO-cps  power  could  be  removed  from 
the  missile  during  these  ground  tests  and 
Instrumentation  could  be  powered  from  60- 
cps  sources. 


Test  Descriptions  and  Results 

The  ground  run-up  tests  were  conducted 
In  two  parts:  data  were  recorded  on  the 
ground  recorder  for  one  part,  and  on  the 
B-S2  recorder  for  the  second  part.  Data 
from  these  tests  were  then  anal3rsed  and  the 
next  tests  were  determined. 

The  existence  of  three  main  sources  of 
error  was  investigated.  These  were  the 
production  of  beat  frequencies  or  harmonic 
frequencies  of  legitimate  signals;  the  ex¬ 
istence  of  electrical  Interference  which 
could  be  amplified  only  under  certain  con¬ 
ditions,  and  the  general  content  and  source 
of  random  noise.  The  production  of  beat 
frequencies  was  checked  by  mixing  two  sig¬ 
nals  and  feeding  them  into  both  the  ground 
and  airborne  system.  One  signal  was  held 
constant  while  the  other  signal  was  swept 
over  the  frequency  range.  The  amplitude  of 
these  signals  was  also  varied.  The  rfata 
were  then  analysed  to  detect  the  presence  of 
any  signals  at  the  sum  or  difference  frequen¬ 
cies.  No  beat  frequencies  were  detected.  To 
investigate  harmonic  generation,  missile  ac¬ 
celerometers  were  excited  at  given  frequen¬ 
cies  and  the  reduced  data  was  examined  for 


the  presence  of  harmonics.  The  excitation 
of  the  accelerometers  was  first  tried  by 
striking  a  tuning  fork  and  placing  the  base 
on  the  top  of  the  accelerometer.  Unfor¬ 
tunately  however,  to  produce  a  significant 
signal,  the  forks  bad  to  be  itnick  quite  hard 
producing  a  tone  that  was  itself  rich  in  har¬ 
monics.  The  test  is  recommended  however, 
if  anyone  cares  to  elicit  the  kind  of  Interest 
that  is  aroused  when  one  Is  observed  de¬ 
scending  on  the  missile  with  an  armload  of 
tuning  forks.  The  pure  signal  was  finally 
produced  by  Installing  a  amall,  2-pound  peak 
force,  Goodman  shaker  in  the  mlsaile  and 
mounting  an  accelerometer  on  the  shaker. 

No  harmonics  could  be  detected  In  any  of 
these  missile  shaker  tests. 

The  search  for  electrical  interference 
was  centered  mainly  on  the  SOO-cps  signal 
found  most  strongly  at  the  aft  attach  point 
between  the  miasile  and  the  pylon.  Various 
tebts  were  conducted  at  this  and  other  loca¬ 
tions.  Accelerometers  of  different  natural 
frequencies,  manufactured  by  different  con¬ 
cerns,  and  a  velocity  pickup  were  mounted 
side  by  side  at  the  aft  attach  fitting.  The 
accelerometer  systems  were  powered  both 
from  the  ground  and  from  the  B-52.  Outputs 
of  these  instruments  were  recorded  both  on 
the  ground  and  In  the  B-52. 

A  black  boR,  containing  a  battery  powered 
cathode  follower  and  amplifier,  wu  iutalled 
in  the  missile,  The  accelerometer  connected 
to  this  lyatem  wu  mounted  aide  tqr  tide  with 
an  accelerometer  that  wu  routed  to  a  nyatem 
powered  in  a  conventional  manner.  The  sig¬ 
nals  produced  by  these  two  Instruments  were 
recorded  both  on  the  ground  and  In  the 
bomber. 

Ground  loops  were  simulated  In  the  sys¬ 
tem  by  placing  a  resistor  to  ground  from  the 
ground  side  lof  the  signal  and  also  by  shorting 
the  signal  shield  to  the  missile  frame  at  sev¬ 
eral  points.  This  wu  done  to  simuiate  the 
condition  of  the  missile  at  the  beginning  of 
the  test  after  It  had  been  flown  in  captive 
flights  for  six  monttui  with  little  instrumen¬ 
tation  maintenance.  Data  was  scanned  after 
each  test  by  use  of  photographs  taken  of  each 
sigrial,  both  on  a  Psnoramlc  Sonic  Anal3rs6r 
and  on  an  oscilloscope. 

Figure  2  shows  the  comparison  of  the 
ground  recording  and  the  B-62  recording  of 
the  station  showing  the  SOO-cps  discrete 
frequency.  The  ^^ound  recorded  signal  wu 
produced  when  aii  iOO-cps  power  had  been 
removed  from  the  missile.  This  comparison 
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along  with  supporting  data  from  the  velocity 
pickup  and  battery  powered  system  con¬ 
firmed  the  fact  that  the  signal  was  an  actual 
mechanical  vibration  and  not  electrical  pick¬ 
up.  When  ecpilpment  became  available  which 
utlllBed  a  two-cycle  wide  filter,  it  was  found 
that  this  apparent  discrete  frequency  was 
actually  composed  of  two  signals,  650  cps 
and  740  cps.  Had  this  reduction  equiiment 
been  available  early  in  the  program,  much 
more  confidence  in  the  data  could  have  been 
obtained  without  these  special  coididence 
tests,  hi  psuticular,  this  SOO-cps  problem 
would  not  have  occurred. 


Fig.  Z  -  800  cycle  data  com|iarison.  Discrete 
respon-ie  measured  at  the  aft  attach  fitting 
between  the  missile  and  the  pylon.  The  top 
photo  is  a  B-52  recording  while  the  bottom 
photo  was  recorded  on  the  separate  ground 
recording  system. 


Signals  sbowisg  Ugh-fraquency  broadband 
date  were  checked  to  inanre  that  teey  were 
not  qpurious  in  aatare.  Figure  3  ia  preaanted 
to  ebow  tbet  hi^-frequeney  signala  were 
present  when  the  fm  system  was  aot  being 
overdriven.  Serly  repreaentetkms  of  the 
hlgh-frequescy  date  had  tended  to  over¬ 


emphasise  it  because  of  the  display  tech¬ 
nique  chosen  plus  the  error  Introduced  by 
the  high-frequency  response  of  the  acceler¬ 
ometer.  This  response  is  plotted  in  Fig.  4. 
Thifc  ..i^-frequency  data  is  now  considered 
to  be  of  no  greater  ampUtede  than  would  be 
eiqiected  i^n  the  missile  is  in  a  high-level 
acoustic  field. 

No  definite  conclusions  could  be  deter¬ 
mined  from  the  attempt  to  simulate  a  poorly 
maintained  Instrumentation  system.  How¬ 
ever,  the  data  produced  at  some  locations 
were  of  different  character  than  earlier  data 
and  the  only  oqilanation  could  be  the  poor 
condition  of  the  Instrumentation.  After  the 
ground  run-iq)  tests  had  been  concluded  and 
the  data  from  the  above  tests  analysed,  the 
first  truly  "acceptable"  date  was  finally 
recorded  during  taxi  runs  and  actual  take-off  a. 


POWERED  MBSILE  DATA 

The  suspicion  that  400-cps  harmonics 
still  existed  in  the  vibration  signala  did  not 
end  with  the  dummy  missile  data.  Powered 
missile  data  showing  a  strong  400-cp6  out¬ 
put  had  been  all  but  discarded  as  being  in¬ 
valid.  The  location  of  this  400-rps  signal 
was  a  rack  used  to  support  instrumentation 
components.  Upon  furtiier  investigaticn  in 
the  Isboratory,  it  was  found  thtc  rack 
had  an  Inopportune  resonance  at  490  qw  with 
magnifications  between  5  and  10.  This  rack 
has  since  been  redesigned.  Further,  large 
ISOO-cpe,  and  occasionally  smaller  2400- 
cps  signals,  appeared  in  the  powered  missile 
date  and  were  traced  to  the  constant  meed 
hydraulic  motor  used  to  drive  tbs  alternator. 
This  motor  is  a  nine-piston  wobble  plate 
turning  at  8000  rpm,  or  133  cps.  Thus,  if  m 
impuise  is  crested  when  the  pistons  are  either 
driving  or  exhausting,  an  Impact  rate  of  1300 
per  p^eond  is  created.  S  a  hydraulic  dis- 
turbCBce  is  created  by  both  the  inlet  and 
etesost  stroke,  2400  imparts  per  second  are 
created. 

At  this  point  a  deecriptlcm  of  the  hydraulic 
system  will  aid  in  appreciating  the  scope  of 
tils  problsm  area.  The  system  is  eimvea- 
tioMl;  It  neee  a  pump  drivmi  of  the  Jet  en¬ 
gine  through  a  gear  box  and  a  combiaatioa 
■ingle  port  act-umsistor-reserrslr.  Ths 
system  drives  the  ccmntant  speed  hydrsuifc 
nu^,  the  flight  eurfacee  ineladteg  the  for¬ 
ward  eJevator,  and  the  Jet  engtoe  air  inlet 
apike  poeittocer.  Since  the  hydraulic  motor 
is  located  in  the  aft  compmrtment,  hydraulic 
lines  must  be  routed  to,  or  teroucfa,  all 
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Fig.  3  *  High-frequency  date.  Oecilloecope  Panoramic 
Sonic  Analyzer  representation  of  a  signal  showing  high- 
frequency  ^ta. 


Fig.  4  -  Accelerometer  response.  This  figure 
indicates  the  response  of  the  accelerometers 
used  in  the  majority  of  the  vibration  program. 
The  curve  was  made  by  using  a  high  natural 
frequencyaccelerometer  as  a  standard.  There¬ 
fore,  it  is  only  an  indication  of  the  actual  re¬ 
sponse  ej^rienced. 
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compartmenta.  Thua,  all  line  tle-doima,  or 
bulkhead  feed-through,  may  become  pobit 
sourcea  at  ▼ibraUon. 

The  magnitude  of  thla  1200-cpa  rlbratlop. 
varied  from  ±10  g  or  more  in  the  aft  com¬ 
partment  to  ±0.5  g  or  leaa  in  aome  forward 
aectiono  of  the  mlaaile.  Figure  5  ahowa  the 
wave  form  and  magnitude  of  tbia  vibration 
in  the  aft  compartment.  Magnitude  varied 
with  the  diatance  from  the  hydraulic  motor 
and  tile  local  line  tie-down  conditiona.  The 
2400-cpa  vibration,  when  it  ap5>«8red,  was 
amall  by  compariaon. 

An  unfortunate  facet  of  thia  problem  la 
the  inverae  relation  of  vibration  magnitude 
to  electrical  load;  i.e.,  the  lighter  the  elec¬ 
trical  load,  the  graater  the  vibration  mag¬ 
nitude.  TUa  la  important  becanae  the  al¬ 
ternator  la  running  light  daring  moot  of  the 
ground  checkout  peiioda.  Of  courae,  dur¬ 
ing  captive  and  free  flight  the  electrical 
loada  are  higher,  thua  miniiniaing  thla 
problem.  Figure  6  ahowa  the  1200  cpe  atlU 
predominate  but  of  much  lower  magnitude  in 
flight  at  a  midbody  atatlon. 


Fig.  5  -  1200-Gycle  vlbratlca.  Top; 
Almoat  pure  1200-cps  vibratioe  ob¬ 
tained  at  atatiOB  472  la  the  aft  body. 
Bottom:  1200-cps  stmal  for  eom- 
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g^th  the  determination  of  the  euurce  of 
the  1200-cpe  and  2400-cpe  algnale,  the  prob¬ 
lem  of  confidence  in  data  abowing  frequenclee 
coincident  with  the  electrical  power  frequency 
and  Ita  j-monica  waa  reaolved.  One  other 
strong  diecrete  signal  that  poeea  a  eerioua 
problem  should  be  noted  as  a  matter  of  in¬ 
terest.  This  vibration  currently  appears  to 
be  generated  by  the  missile  hydraulic  pump. 
Knowing  the  mesBured  rpm  and  the  pump 
gear  box  ratio,  md  again  working  with  a  nine 
platan  unit,  the  pump  Impact  fntquency  can 
be  calculated.  This  discrete  vibration  signal 
was  found  to  have  magnitudes  which  vary 
from  ±5  g  to  ±15  g  and  frequencies,  dapend¬ 
ing  on  engine  rfun,  which  vary  from  385  cpe 
to  530  cpe.  An  unfortunate,  but  not  unex¬ 
pected  condition,  is  that  the  pump  vibration 
is  a  magdmnm  at  a  low  engine  rpih,  i.e.,  at 
engine  idle  the  pump  must  Increase  ita  stroke 
to  maiateln  system  pressure.  Ffbon  it  is 
recalled  that  the  Bound  Dog  will  operate  at 
engine  idle  during  most  of  the  captive  phase 
of  lie  mieelnn  in  order  to  keep  all  ayatema 
powerad  and  raady,  tha  Importanea  of  this 
problem  is  obvious.  This  high-amplltude 
vibration  generated  by  the  poop  is  also  evi¬ 
dent  during  missile  dive-in  when  the  angina 
la  whuhnilliag.  An  example  of  this  vibration 
is  given  in  Fig.  7. 


CONCLUraON 

hietrumsntatiaa  at  a  dummy  miseils  was 
vital  to  the  vihawtian  program  bacaaaa  at  Its 
early  sraliablUty.  Tha  use  at  the  daauay 
missile  to  trouble  shoot  the  measurement 
eyatem  and  to  obtain  conOdance  in  tha  dau 
prcdnead  a  ayatem  that  waa  vlrtaally  fault- 
free  early  in  the  powered  mlaslle  program. 
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rig.  6  -  Fr««-fUgbt  data.  The  average  random 
leveie  are  related  to  the  g^_ /cycle  ecale  while 
the  diecrete  g  levele  are  rAted  to  the  g  eero- 
m-peak  ecale. 
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Fig.  7  -  Oive-in  dmU.  Data  obtained  during  the 
dive-in  phneeof  a  free  flight  ihowing  the  itrong 
diacrete  vibration  obtained  from  the  hydraulic 
piwp.  The  random  leveli  are  related  to  the 
gf,,/cp  tcale  while  the  diicrete  frequencies 
are  related  to  the  g  lero-to-peak  scale. 


Satisfactory  answers  to  Lite  problems  might 
never  have  been  worked  viut  in  powered  mis¬ 
siles  alone  because  of  mut^h  tighter  schedule 
demands.  While  the  vlb.ra)^ry  response  of 
the  dummy  miasile  was  substai.tially  compar¬ 
able  with  the  powered  missiles,  as  predicted, 
the  random  v^ratlon  level  was  feund  to  be 
somewhat  higher  than  that  ot  the  powered 
missiles.  TMs  difference  was  probably  due 
to  improper  spatial  simulation  of  components. 
Figure  6  shows  a  comparison  of  the  data  ob¬ 
tained  during  take-off  of  the  B-52  with  a 
dummy  aud  «  powered  miasile. 


The  program  was  plagued  with  two  unpre¬ 
dictable  and  very  misleading  problems.  These 
problems  were  coincidence  of  vibration  fre¬ 
quencies  and  400-cps  electrical  harmonics, 
and  the  high-frequency  response  of  the  test 
accelerometers,  which  indicated  a  large  mag¬ 
nitude  of  high-frequency  broadband  and  ran¬ 
dom  vlbratiwj.  Hydraulically  generated  vi¬ 
bration  had  totally  unexpected  high-level 
magnlhidee  and  provided  fre(|uenciea  and  lev¬ 
els  beyond  the  regime  of  the  predicted  envi- 
rormental  specification. 


Fig.  8  -  .Dummy  vs  powered  missile  com¬ 
parison.  This  data  Is  for  an  aft  body  loca.= 
tlon.  The  B-5Z  was  using  water  injection 
and  take-off  power  for  the  dummy  missile 
data.  The  B-52  engines  were  running  dry, 
at  take-off  power,  aiid  the  missile  engine 
was  at  maximum  continuous  power  for  the 
powered  n-.lssile. 
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SHOCK  DATA  HANDLING  SYSTEMS 
AT  DAVID  TAYLOR  MODEL  BASIN 


Mrs.  S.  C.  Atcbiaon 
David  Taylor  Modal  Baaln 
Waihington,  D.  C. 


The  Davdd  Taylor  Model  Basin  has  recently  revamped  its  methods  of 
handling  large  quantities  of  shock  data.  New  methods  incorporate  high¬ 
speed  digital  computer  techniques  and  types  of  components  which  may 
be  useful  to  others  involved  in  correcting,  reducing,  and  interpreting 
large  quantities  of  transient  data.  Computer  programs  for  computing 
the  response  of  mechanical  systems  to  transient  inputs,  e.g.,  shock 
spectra,  are  also  available. 


INTRODUCTION 

Stacv  World  War  n  the  Dtvld  Taylor  Mo¬ 
del  Baain  hu  been  conducting  fuU-ecale  ehock 
testa  to  measure  the  reqtonse  of  ships'  struc¬ 
ture  iind  equipment  to  underwater  explosions. 
Test  data  consist  of  transient  motions  laatjng 
from  so  to  several  hundred  milliseconds.  The 
seismic  velocity  meter  has  generally  proved 
to  be  the  most  useful  sensing  device  for  ob¬ 
taining  a  history  of  the  shock  motion.  This 
meter,  which  is  not  too  bulky  for  most  ship¬ 
board  aRilicatlons,  is  a  simple  device  con¬ 
sisting  of  a  bar  magnet  seiumically  mounted 
inside  a  rigidly  mounted  coll.  Meter  output 
is  recorded  on  magnetic -tape  recorders  and 
on  electromagnetic  oscillographs,  the  latter 
without  amplifiers. 

Usually  two  objectives  sought  from  test 
data  are: 

1.  Accurate  documentation  and  correla¬ 
tion  of  the  shock  motions  of  the  entire  target 
with  the  explosion  parameters  and  observed 
damage; 

2.  Derivation  of  input  motions  to  equip¬ 
ment  for  use  in  the  design  of  equipment  and 
specification  of  design  criteria. 


Selection  of  a  data-handllnf  system  was 
based  on  the  preceding  oh|ectivcs  in  conjunc¬ 
tion  with  the  known  characteristics  of  the 
recording  and  measuring  Instruments. 

Desirable  computations  include  (1)  statie- 
tlcal  combinations  of  large  groups  of  motions 
as  functions  of  the  explosion  parametsrs  to 
reduce  the  data  to  a  comprehensible  unit,  and 
(2)  computatlcms  of  the  response  of  both 
linear  anJ  nonlinear  mechanical  systems 
simulating  equipment  to  the  input  motions. 

The  fortuitoua  circumstance  that  the  Bu¬ 
reau  of  Ships  computing  faclUty  is  located 
at  the  Model  Basin  meant  that  dlglial  handling 
of  the  data  could  be  effected  without  costly 
outlay  for  equipment.  A  variety  of  equipment 
as  well  as  the  advice  of  trained  personnel 
were  readily  available.  Therefore,  it  was 
decided  to  utilize  the  (^en-shop  program  of 
the  Applied  Mathematics  Laboratory  in  de¬ 
veloping  needed  computer  programs.  With 
this  arrangement  programming  for  the  com¬ 
puters  is  done  by  the  engineer  or  physicist 
inltbUing  the  problems  by  using  (me  of  the 
scientific  compilers,  fii  the  examples  dis¬ 
cussed  herein  the  computer  was  the  IBM- 
704  and  the  compiler  was  Fortran. 


COLLECTION  OF  DATA 

Generally  shock  data  is  collected  at  sea 
(hiring  full-scale  underwater  explosion  tests 
against  a  combatant-type  ship  and  occasion¬ 
ally  from  model  tests  conducted  at  the  Model 
Basin  and  elsewhere.  Some  20  to  100  reloc- 
ity  meters  may  have  been  installed  through¬ 
out  the  ship  to  measure  the  response  of  ships' 
structures  and  eejuipments  to  one  or  more 
shots.  The  number  of  Inst'^uments  and  shots 
would  depend  upon  the  purpose  and  extent  of 
the  tests.  The  output  of  the  velocity  meter 
will  always  differ  from  the  actual  motion  of 
the  structuie  to  which  it  is  attached  by  the 
motion  of  its  seismic  element.  If  large  dis¬ 
placements  are  encountered,  u  additional 
error  is  Introduced  by  the  bottoming  of  the 
meter  against  its  stops.  Thus  two  correc¬ 
tions  may  need  to  be  applied  to  measured 
data  before  further  computations  can  be 
made  with  it. 

The  two  recording  systems  commonly 
employed  for  velocity -meter  output  introduce 
negligible  error;  they  are  (1)  electromagnetic 
oscillographs  and  (2)  magnetic -tape 
recorders. 


DATA- HANDLING  SYSTEM 

The  first  step  in  processing  the  data  is 
preparation  of  a  single  computer  Input  from 
one  or  both  of  two  quite  different  media.  Be¬ 
cause  it  was  anticipated  that  part  of  the  data 
would  be  processed  more  than  one  time  on 
the  computer,  binary  difltlaed  magnetic  tape 
of  a  ^Mclfled  format  was  selected  as  the 
standard  input  for  all  shock-data- reduction 
programs.  Binary  magnstic  tapo  is  handled 
more  efficiently  by  the  computer  and  can  be 
stored  more  compactly  than  pur<ched  cards. 

In  Fig.  1  is  seen  typical  test  records  which 
were  recorded  on  an  electromagnetic  oscil¬ 
lograph.  The  handling  system  for  such  opti¬ 
cal  records  is  diagrammed  in  Fig.  2.  The 
typewriter  is  simply  a  monitoring  device. 

The  essential  components  are  the  Data  Re¬ 
ducer  on  which  amplitudes  of  the  records  are 
read  at  even  Increments  In  time  and  the 
Telecordex  which  takes  output  from  the 
reader  and  converts  It  into  Input  for  the  IBM 
Summary  Punch.  A  record  of  200  to  300 
points  is  digitised  in  approximately  30  min¬ 
utes  with  this  system.  The  next  step  in  the 
reductlcn.  of  oscillograph  data  Involves 
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proccHslng  of  the  decks  of  cards  through  a 
short  computer  program  to  make  the  binary 
input  tape. 

An  alternate  method  of  data  reduction  is 
available  (or  data  which  is  recorded  directly 
on  analog  magnetic  tape.  These  records  will 
be  processed  through  the  Computer  Language 
Translator  (1)  which  is  roughly  diagrammed 
in  Fig.  3.  This  facility  of  the  Math  Labora¬ 
tory  is  Just  becoming  operational;  however, 
trial  runs  with  this  equipment  are  promising. 
For  the  test  runs,  sampling  rate  and  playback 
speed  were  adjusted  to  yield  MOO  points  per 
second  of  real  time,  and  the  digitized  output 
agreed  quite  satisfactorily  with  playback  of 
the  original  analog  record  on  a  string 


oscillograph.  Once  the  input  tape  was  prop¬ 
erly  positioned  the  9600  points  were  obtained 
in  32  seconds.  It  is  hoped  that  the  processing 
time  per  record  allowing  for  such  things  as 
mounting  and  alignment  of  input  tape  will  be 
no  more  than  3  minutes  per  record. 

The  second  step  in  data  handling  is  proc¬ 
essing  of  the  binary  input  data  through  se¬ 
lected  IBM-704  programs.  Each  of  the  pro¬ 
grams  contains  one  subprogram  to  correct 
(or  motion  of  the  seismic  element  and  another 
to  correct  (or  possible  meter  bottomlngs. 

The  output  of  such  programs  is  normally  ob¬ 
tained  in  the  form  of  tables  cf  corrected  and 
uncorrected  velocity,  corrected  and  uncor- 
rected  displacement,  and  an  average 
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acceleration,  each  corresponding  to  a  listed 
time.  In  addition,  time  histories  of  shock 
spectra  may  be  obtained. 

In  addition  to  the  usual  tables  of  output 
from  the  computer,  graphs  of  amplitude  vs 
time  can  be  obtained  with  the  Charactron 
Plotter  (2)  which  operates  as  an  on-line 
component  of  the  IBM-704.  The  essential 
components  of  the  Charactron  Plotter  are 
the  charactron  shaped-beam  tube  similar  to 
the  familiar  television  picture  tube,  a  Traid 
high-speed  camera,  and  a  Kelvin  Hughes 
fast-developing  camera.  The  maximum 
plotting  rate  is  15,000  points  per  second  with 
an  accuracy  of  0.5  percent.  Because  time 
histories  of  motions  are  preferred,  most 
computer  output  from  shock  analysis  pro¬ 
grams  will  eventually  be  in  graphietd  rather 
than  tabular  form. 


ANALYSIS  PROGRAMS 

Several  shock  walysls  programs  for  the 
704  have  been  in  use  for  the  past  year.  A 
block  diagram  of  the  latest  version  of  the 
most  commonly  used  program  is  shown  in 
Fig.  4.  Beyond  the  point  at  which  plots  and 
tables  of  corrected  velocity,  displacement, 
and  acceleration  .are  obtained  the  output  be¬ 
comes  both  optional  and  variable  with  the 
user.  The  response  of  a  single-degree-of- 
freedom  system  can  be  computed  for  a 
maximum  of  20  values  of  frequency  and  10 
values  of  damping.  Oitput  consists  of  rela¬ 
tive  displacement  across  the  spring  and  ac¬ 
celeration  and  velocity  of  the  mass.  Relative 


displacement  and  acceleration  are  used  in 
design  criteria  while  velocity  of  the  mass  is 
used  mainly  in  correlating  observed  motion 
of  an  equipment  with  observed  motion  of  its 
foundation.  Output  from  this  portion  of  the 
program  consists  of  graphs  of  the  time  his¬ 
tories  and  tables  of  peak  absolute  values  only. 

A  program  for  finding  the  bodily  velocity 
of  a  ship  from  the  digitised  measured  mo- 
tloiis  has  been  used.  By  proper  choice  of 
constants  the  same  program  will  compute 
relative  displacement  and  has  been  used  to 
find  relative  dlnplacement  across  shock 
mountings  from  the  observed  motion  of  the 
equipment  and  its  foundation. 


FUTURE  EXTENSIONS  OF  THE 
SYSTEM 

The  data-handling  system  was  set  up  so 
that  it  could  be  easily  extended  In  the  direc¬ 
tion  of  more  sophisticated  analysis  programs. 
The  standard  input  and  subprograms  readily 
lend  themselves  to  response  calculations  lor 
nonlinear  systems  or  for  multldegree-of- 
freedom  linear  systems.  It  Is  planned  to 
extend  the  system  In  the  area  of  simulation 
of  nonlinear  equipment  mountings  particularly. 

Future  plans  include  greater  use  of 
magnetic -tape  recording  of  test  data  to  per¬ 
mit  more  statistical  analysis  in  the  deter¬ 
mination  of  sets  of  typical  shock  motions  for 
a  given  type  of  ship.  The  displacement  pro¬ 
gram  mentioned  atovc  has  been  extended  in 
thftt  HiTid  currsi^tly  stn 
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of  magnetic-tape  records  from  a  cruiser 
model  test  are  being  processed  to  obtain 
typical  shock  motions  for  use  in  weapon  ef¬ 
fects  predictions  and  shock  design  criteria. 

In  conclusion  it  should  be  noted  that  this 
data-handllng  system  has  resulted  from  co¬ 
operative  pooling  of  ideas  from  personnel 
involved  in  the  design  of  sensing  devices, 


collection  of  data  in  the  field,  and  analysis 
and  use  of  data  In  the  laboratory.  There  has 
been  a  constant  feedback  of  information  In 
the  three  areas  as  the  procedures  and  capa¬ 
bilities  in  each  area  either  limit  or  extend 
the  capabilities  in  the  other  areas.  Thus  the 
handling  system  itself  will  be  continually 
changing  to  make  use  of  improvements  in 
other  areas. 
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DISCUSSION 


Mr.  Abstetn  (Hughes  Aircraft):  Would  you 
describe  the  nature  of  the  correction  that  is 
applied  to  take  into  account  the  bottoming  of 
velocity  pickups  ? 

Mrs.  Atchison:  It's  really  a  very  simple 
correction.  We  indicate  where  we  want  the 
correction  applied  In  the  data,  and  the  com¬ 
puter  as  It  processes  the  data  applies  the 
correction.  When  the  meter  hits  the  stops, 
there  is  a  reversal  of  velocity.  The  output  Is 
completely  reversed  and  the  correction  that 


needs  to  be  applied  is  simply  shifting  the 
record  at  some  point  up  to  its  previous  level. 

Mr,  Curtis  (Hughes  Aircraft):  Is  Ihls  a 
conventional  MB  pick-up  or  one  especially 
designed  by  DTMB  ? 

Mrs.  Atchison:  One  especially  designed 
by  DTMB.  The  frequencies  of  our  meters  are 
six  cycles  and  under  ordinarily  and  well,  one 
meter  has  a  travel  of  four  Inches,  another  has 
one  Inch,  so  we  can  find  when  we  need  to  cor¬ 
rect  It  actually  by  looking  at  the  displacement. 


* 
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A  THERMAl  POWER  DETECTOR* 


B.  L.  Mattel 

Lockheed  Aircraft  Corporation 
Miiiilea  and  Space  Division 
Palo  Alto,  California 


A  thermal  power  detector  haa  been  developed  to  measjre  intenee, 
tranaient  heat  levels.  Tlila  detector  waa  dealgned  to  operate  at  close 
rar!£e  in  the  heat  environment  generated  by  the  Polaris  missile  at 
launch,  but  its  use  is  readily  adaptable  to  other,  similar  requirements. 
Its  main  features  as  a  thermal  power  detector  are:  (1)  broad  spectral 
sensitivity  (0.3/i  to  20/i),  (2)  fast  transient  response  (10  fiaec  or  better), 
(3, ^ability  to  withstand  intense  heat  levels  for  short  periods  (tOOO  watts/ 
in.  for  0.5  secs),  (4)  continued  use  for  succeeding  tests  without  cali¬ 
bration,  and  (5)  ease  of  installation,  requiring  a  minimum  in  circuitry 
to  record  the  heat  levels.  The  thermal  power  detector  consists  of  a 
pyroelectric  ceramic  disk  placed  in  a  shock-absorbent  mount.  The 
Ceramic  disks  used  were  either  barium  tltanate  or  lead  zirconate- 
Mitanate,  depending  upon  the  thermal  power  level.' 


THE  TRANSDUCER 

The  transducer  detects  thermal  power- 
convective  and  radiative  heat  by  instantane¬ 
ously  responding  to  the  average  temperature 
rise  of  the  detector  element.  The  detector 
element  Is  a  pyroelectric  ceramic.  The 
ceramic  generates  a  current  output  directly 
proportional  to  the  net  thermal  power 
absorbed. 

The  response  of  the  ceramic  to  the  ther¬ 
mal  power  absorbed  can  be  explained  ther¬ 
modynamically  as  follows  (l):  The  rate  at 
which  the  heat  energy  is  absorbed  into  the 
ceramic  determines  the  rate  of  Increase  in 
temperature.  Thermal  agitation  results  in 
the  individual  polarized  domains  of  the  ce¬ 
ramic  (the  ceramic  is  composed  of  many 
sintered  crystalline  grains  polarized  In  one 
direction,  each  grain  consisting  of  several 
domains).  The  rise  in  temperature  wlthirt 
each  of  these  domains  decreases  the  net 
polarization.  As  a  result  of  the  decrease  in 


polarization  (P),  a  charge  (q)  is  Induced  to 
the  electrodes  (electrodes  are  on  two  sides 
of  the  ceramic,  forming  a  capacitor).  The 
rate  of  change  in  charge  (dQ/dt),  or  current 
(i),  is  directly  related  to  the  rate  at  which 
energy  is  absorbed  into  the  ceramic: 


where  A  =  area  of  the  electrode. 

The  current  is  related  to  the  r&te  in  change 
of  temperature  (t): 


where  7  is  the  pyroelectric  coefficient. 


♦  This  paper  was  not  presented  at  the  Symposium, 
tWork  carried  out  under  U.  S.  Navy  Contract  NOrd  17017. 
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The  average  rate  of  Increase  In  temperature 
follows  from  the  transfer  of  heat  Into  the 
ceramic: 

(^)iv.  ’  c/5  Ad  '  (3) 

wtere 

w  =  thermal  power  absorbed, 
c  =  specific  heat  of  ceramic, 

P  »  density  of  ceramic, 
d  »  thickness  of  ceramic, 

A  =  area  of  electrode. 

Hence,  the  current  output  Is  directly  propor¬ 
tional  to  the  thermal  power  absorbed; 


Several  different  pyroelectric  ceramics 
have  been  used  as  the  detector  element. 
Table  1  lists  these  ceramics  and  their 
sensitivities. 


TABLE  1 

Some  Pyroelectric  Ceramics  Used  as 
Detector  Elements 


Element 

Thickness 

(In.) 

Sensitivity 
{p  a/watt) 

Upper 
Average 
Tempera¬ 
ture  Limit 

(c)t 

BaTiOj 

0.125 

0.023 

90® 

BaTlOj 

0.0625 

0.046 

90® 

PZT-5* 

0.125 

0.030 

300° 

Typical  values  of  the  constants  in  Eq.  (4) 
for  BaT103 


r  =  2.0  X  10"®  coulombs /cm  2  ®C 
c  =  0.12  Cal/gm  "C 
p  -  0.7  gm/cm® 


♦Clevite  Corporation  trade  name  for  lead 
zir  conate  -titanate . 

tXhe  upper  average  temperature  limit  (lim¬ 
ited  to  below  the  Curie  temperature)  is  the 
temperature  at  which  either  all  or  partial 
polarization  is  lost  within  the  ceramic 
element. 


The  ceramic  elements  are  circular  disks, 
varying  In  thickness  depending  on  the  sensi¬ 
tivity  required.  Typlcd  elements  were  four 
Inches  In  diameter  and  0.125  inch  thick. 

Each  element  has  silver  electrodes  bonded 
to  the  ceramic.  Leads  were  attached  to  the 
elect.Todes  by  means  of  a  phosphor-bronee 
clip. 

A  high  emlssivlty  surface  with  broad 
spectral  sensitivity  is  required  to  absorb 
t^  incident  heat  energy  into  the  detector 
element.  Black  Olyptal  enamel*  met  this 
requirement  as  well  as  being  resistant  to 
high  heat  levels,  corrosion,  akxl  abrasion. 
Figure  1  gives  the  q)ectral  sensitivity  (or 
the  enamel's  emissivity.  The  enamel's  total 
emlssivlty  is  independent  of  temperature 
from  0®C  to  100®C  and  increases  slightly 
above  this  range.  This  enamel  bonded  ex¬ 
cellently  to  the  silver  electrodes  or  to  the 
ceramic  and  could  be  applied  in  thin  layers. 
The  thickness  of  the  enamel  layer  limits  the 
time  response  of  the  detector  because  of  its 
bw  thermal  conductivity. 

The  detector  element  is  housed  in  a  rigid 
container,  as  shown  in  Fig.  2.  To  reduce 
the  response  of  the  ceramic  to  shock  and 
vibration,  the  ceramic  element  was  placed 
between  ^o  layers  of  glass  wool.  The  glass 
wool  served  also  as  an  electrical  and  thermal 
Insulator  for  the  element. 

The  ceramic  element  acts  as  a  current 
generator  when  shunted  with  a  resistance 
low  compared  with  its  ouqmt  impedance  (on 
the  o.rder  of  lO^l  ohms).  Thus  the  output 
signal  can  bo  fed  directly  into  regular  coaxial 
or  twin  lead  shielded  cable  to  a  high-sensitivity 
recording  galvanometer.  A  C.E.C.  7-339  gal¬ 
vanometer  (4.6  pa/ln.)  with  a  coil  resistance 
of  30  ohms,  shunted  with  350  ohms,  was  used 
in  the  recorder. 

The  time  response  of  this  galvanometer 
was  considerably  larger  than  the  Inherent 
time  response  of  the  detector.  The  time  re¬ 
sponse  of  the  detector  is  determined  by  its 
capacitance  plus  the  cable  capacitance  and 
the  shunt  resistance  across  the  cable.  The 
capacitance  foi  <x  four-inch  diameter  and 
0.125-lnch-thick  BaT103  disk  is  about  0.02 
pi.  With  a  shunt  resistance  of  1000  ohms, 
the  response  time  of  the  detector  is  about 
20  /isec.  The  lower  limit  in  time  response 
has  not  been  determined. 


*Manufactured  by  General  Electric  Com¬ 
pany.  Schenectady,  New  York. 
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Fig.  1  -  Emisslvity  of  Black  Glyptal  enamel 
for  perpendicular  incidence 


Fig.  2  •  The  detector  element  and  ita  assemblage 


Tha  datoctora  do  not  raquira  callbntiaB  in 
tha  flald.  Once  ciilibratad  In  the  laboratory, 
their  calibration  haa  rwnalned  within  5  per¬ 
cent  of  tbalr  origlnsd  valua  after  a  year  la 
tha  field.  Soma  alamaata  ware  uaed  twalva 
tlmaa  without  any  malntanaace.  Should  the 
araraga  temperature  of  the  element  aaceed 
the  upper  aTcrafe  temperature  limit  (Table 
1),  then  the  dlak  haa  to  be  replaced  (thla  la 
very  uncommon  for  tranaleat  heat  meaaure- 
maata  of  ehort  duration).  Ail  elemanta  of 
the  aame  compoaltlon,  diameter,  and  thick- 
neaa  are  Intercbangeahle  wlthla  a  few  per¬ 
cent  difference  In  calibration.  The  labora¬ 
tory  callbratton  waa  aceompUahed  by 
callbratlnc  a  2C0-watt  heat  lamp  at  a  given 
point  over  a  knnwn  area  with  a  calorimeter 
conalatlng  at  a  copper  dlak  and  a  thermo¬ 
couple.  The  ceramic  element  was  then 
phmed  at  thie  point,  and  the  current  output 
wan  recorded. 


APPUCATIQN 

The  thermal  power  detector  can  be  readily 
applied  to  meaaure  either  convective  or  ra¬ 
diative  heat.  A  quarts  window  can  be  placed 
In  front  of  the  detector  to  measure  radiant 
heat  If  convective  heat  la  alao  preaent.  With 
an  open  detector  (directly  exposed  element 
within  the  container),  the  aum  of  convective 
and  radiative  beat  can  be  measured.  The 
field  of  measurement  to  be  covered  by  a 
detector  can  bo  varied  by  the  en^  subtended 
through  the  aperture  of  the  cuntainer.  Ih 
addition,  a  4n  detector  could  be  constructed 
if  a  hollow,  spherical  ceraatle  element  were 
used. 

The  thermal  power  detectors  In  the  field 
have  been  subSectsd  to  aprerage  heat  rates  as 
high  as  1000  watts/ln.2  (or  a  period  of  0.5 
sec;  yet  there  was  no  obsemdile  change  in 


Typical  recorded  therinal  pswer  levels 
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Fig.  4  -  RAdiant  and  convective 
thermal  power  distance 


Fig.  5  -  Time  of  arrival  of  con¬ 
vective  gases  indicating  their  in¬ 
verse  souare  relationship  of  trans¬ 
lational  kinetic  energy  per  unit  area 
with  distance 
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their  calibration  and  time  response.  How¬ 
ever,  the  Black  Glyptal  enameled  surface 
lud  burned  off. 

Figure  3  Is  a  typical  set  of  recorded  data 
as  obtained  from  these  detectors.  The  ra¬ 
diative  component  of  energy  can  be  noted 
preceding  the  convective  heat  from  turbulent 
gases.  The  large  peaks  are  associated  with 
large  swirls  of  gases.  The  lower  record  is 
from  a  thermocouple-t3rpe  heat  energy  de¬ 
tector  used  to  evaluate  and  to  verify  the 
thermal  power  levels  Indicated  by  the 
pyroelectrlc-type  detector.  The  front  and 
rear  surface  thermocouple  outputs  are 
analysed  by  the  "Schmidt  diagram"  method 
(2).  The  thermocouple-type  heat  energy 
data  gives  an  Integrated  thermal  power 
level.  The  results  were  In  agreement  be¬ 
tween  the  two  detectors.  The  advantage  of 
the  thermal  power  detector  over  the 
thermocouple-type  Is  that  the  heat  rate 
levels  can  be  read  directly  from  the 
recording. 

Figure  4  shows  data  combined  over  a 
series  of  different  tests.  The  radiant  heat 
level  drops  off  approximately  with  the  In¬ 
verse  square  of  distance.  The  convective 


heat  levels  drop  off  much  more  rapidly  be¬ 
cause  of  the  mixing  with  cooler  gasee.  The 
gases  also  lose  their  translational  klnutic 
energy  per  unit  area  as  the  Inverse  square 
with  distance,  as  shown  In  Fig.  5. 

The  thermal  power  detector  should.  In 
addition,  provide  accurate  data  for  purposes 
of  correlation  with  skin  flash  bums.  The 
ceramic  acts  as  a  thermal  Insulator  as  does 
skin.  The  combined  fact  time  response  and 
broad  spectral  sensitivity  should  ^ve  almost 
Instantaneously  the  surface  absorption  rates 
of  heat  energy. 
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A  DATA  SYSTEM  FOR  THE  DESCRIPTION 
OF  MISSILE  ENVIRONMENTS 


D.  Brown 

Douglki  Ai’ic'aft  Company 
Santa  Monica,  Calif. 


A  compvehenaive  set  of  digital  computer  program*  is  being  developed 
for  use  on  IBM  709-7090  computers  to  produce  environmental  descrip¬ 
tions  for  quasi-etationary  random  data  and  transient  data.  The  pro¬ 
grams  are  expected  to  be  applicable  to  shock,  vibration,  flutter,  and 
acoustic  environmental  description. 


GENERAL 

The  collection  of  data  on  the  environment 
of  a  system  is  most  often  (or  one  o(  two 
amiUcsUons  —  the  design  of  laboratory  tests 
t^t  aim  in  some  sense  to  simulate  the  envi¬ 
ronment,  or  the  presentation  o(  data  that  will 
give  an  engineer  Information  for  redeslp. 
Most  environmental  description  is  the  direct 
presentation  of  measured  data  — temperature, 
humidity,  preoDufe,  fadlauun  leveie,  sic.  The 
problems  occur  primaiily  in  the  description 
of  transient  effects  or  a  continuous  process 
having  a  wide  bandwidth.  The  direct  presen¬ 
tation  of  the  measured  data  from  these 
sources  results  In  long  time-history  plots 
or  tables  of  figures  that  are  extremely  dif¬ 
ficult  to  Interpret  and  apply.  This  is  the 
situation  In  the  area  of  shock,  vibration,  and 
acoustics.  The  data  system  muet  operate  on 
the  data  in  a  manner  that  will  produce  con¬ 
cise,  meaningful  descriptions  of  these  phe¬ 
nomena.  A  simpllficaiion  is  the  notion  of  a 
standard  source  or  driving  function. 

The  simplest  satlsfa''tory  description  (or 
these  processes  is  shown  in  Fig.  1.  Note 
that  for  some  purposes,  the  real  system  may 
be  nonlinear.  However,  the  linear  model  may 
be  sufficient  to  reconstruct  a  typical  wave¬ 
form  for  laboratory  testing.  The  specifica¬ 
tion  of  the  environment  thus  reduces  to  the 
specification  of  a  linear  "black  box,"  and  a 


standard  source,  which  is  very  good  for  re¬ 
construction  or  simulation  of  the  environment 
in  the  laboratory. 

The  most  common  description  for  these 
"black  boxes"  is  In  the  fre^ency  domain  — 
the  frequency  response  or  Fourier  ^^ctra. 

CP 

Y(f)  =  f  x(t)  e'*"*'*  dt  .  (1) 

There  are  additional  advantages  gained  by 
frequency  presentations:  the  transducers 
employed  fOa  shock  and  vibration  instrumen¬ 
tation  are  linear  filters.  Also,  all  data- 
transmisslon  schemes  have  a  limited  chan¬ 
nel  capacity.  If  the  frequency  handling 
capacity  of  these  systems  is  exceeded,  some 
form  of  distortion  results  —  frequency  fold¬ 
ing  in  time  sampled  systems  or  nonllnetur 
effects  (for  example,  crosstalk,  or  amplitude 
distortion)  in  continuous  systems.  To  avoid 
these  effects,  data-transmisaion  systems 
contain  filters  which  modify  the  data.  Com¬ 
pensation  for  these  filters  and  for  the  reso¬ 
nant  effects  of  environmentad  simulation 
devices  is  most  straightforward  In  the  fre¬ 
quency  domain. 

An  alternate  description  that  has  some 
definite  advantages  in  the  simulation  problem 
Is  the  expansion  of  the  shock  waveform  in 
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Fig.  1  -  Environmental  model 


Laguerre  polynomlalfl.  Here  we  describe 
the  source,  shock,  and  shaping  network  by 
an  orthogonal  expansion  of  the  form; 

8(‘ )  =  «■'“  E  •  (2) 

n  '  ' 

However,  frequency  representations  have 
advantages  in  familiarity  and  in  availability 
of  design  techniques;  therefore  they  will  be 
treated  here. 

Stationary  random  data  can  be  treated  in 
a  similar  manner,  except  that  direct  Fourier 
transformation  Involves  too  much  computer 
effort,  and  statistically  is  not  as  meaningful 
as  a  (smoothed)  power  spectral  density 

Some  amplitude  descriptions  are  also 
desirable,  especially  if  there  is  a  good 


posoibility  that  the  amplitude  distribution  is 
not  gausslan.  For  this  purpose  the  freipiency 
of  occurrence  of  amplitude  of  a  selected  por¬ 
tion  of  data  may  be  counted  and  a  standard 
statistical  hypothesis  test  accomplished. 
Another  useful  description  for  fatigue  anal¬ 
yses  is  the  number  of  peak  accelerations  as 
a  function  of  ampUtiide  in  a  transient  waveform. 


THE  DATA  SYSTEM 


Once  the  meaningful  descriptions  are  de¬ 
cided  upon,  it  is  then  possible  to  design  the 
data  collection  and  reAiction  machinery. 
Manual  computation  is  out  of  the  question  -  a 

.....  Ak. 
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order  of  10  5  multiplications  -  some  form  of 
automata  is  required.  The  three  most  com¬ 
mon  approaches  are  diagrammed  in  Fig.  2. 
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The  analog  computer  has  a  number  of 
disadvantages  compared  with  the  digital 
machine; 

1.  Programming  Is  more  difficult  -  the 
various  descriptions  outlined  each  require 
an  entirely  new  computer  set>up. 

2.  The  machine  Is  lets  veraiatile  in  tm- 
complishlng  frequency  resolutioc.  and  ac¬ 
curacy  trades  and  in  handling  data  at  very 

low  frequencies. 

3.  The  computation  is  considerably 
slower  than  that  possible  on  the  newer  high¬ 
speed  digital  computers. 

4.  The  use  of  previously  computed  cali¬ 
bration  Information  Is  difficult. 

Tho  Ideal  data  system  would  accomplish  the 
analog-to-dlgltal  conversion  directly  at  the 
tr;«£sducer,  as  a  digital  transmission  83rBtem 
Is  less  subject  to  noise  effects  In  transmis¬ 
sion  and  storage. 
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Fig.  3  -  The  prcBent  data  system 


A  block  diagram  of  the  present  system  at 
Douglas  Aircraft  is  shown  In  Fig.  3.  The 
weak  link  is  the  fm/fm  modulation  and  trans¬ 
mission  system.  This  system  has  a  very 
narrow  dynamic  range  for  gaussltm  data  — 
only  a  22-db  range  in  a  for  the  best  tapes 
analysed  to  date;  and  an  inflexible  and  insuf¬ 
ficient  frequency  capacity.  If  time  sampling 
and  analog-to-digital  conversion  is  accom¬ 
plished  directly  at  the  transduiser  filter  out¬ 
puts,  the  system  flexibility,  dynamic  range, 
and  fiequency  capacity  can  be  greatly  Im¬ 
proved.  The  Information  is  transmitted  as  a 
sequence  of  frequency  of  phase  shifts  of  a 
rf  carrier  representing  a  train  of  binary  num- 
bere.  The  binary  numbers  are  coded  in  float¬ 
ing  point  (fraction  and  exponent)  to  increase 
dynamic  range,  and  bits  for  error  correction 
added.  This  is  a  PCM/FM  or  PCM/PM  data 
system.  A  200,000-blt/8econd  PCM/FM 
system  may  be  transmitted  in  the  220-mc 
telemetry  band. 

If  each  sample  of  data  is  coded  into  a  7- 
bit  fraction  and  4-bit  eiqponent,  a  system  may 
be  constructed  with  a  104-db  dj^tmic  range 
for  gausaian  data  and  with  5400  epa  of  usable 
frequency  response,  divided  amcxig  any  rea¬ 
sonable  number  of  channels. 


THE  ENVlR(»niBNTAL  COdPUTER 
PROGRAMS 

The  computer  programs  are  diagrammed 
in  Fig.  4.  The  foliowf?":  paragriph#  treat 
some  of  the  details  generated  by  the  digital 
approach  to  an  enylronmcntal  data  system. 


Digital  Sampling  Requirements 

If  the  data  Is  to  be  analyzed  In  a  digital 
computer,  it  is  necessary  to  time  sample  the 
data  at  some  point  in  the  data  system.  If  the 
data  is  sampled  at  a  constant  rate,  f,,  any 
frequencies  higher  than  the  Nyquist  folding 
freipiency  will  be  folded  into  the  interval 
(O, '  ,/2)>  tliefeby  eliminaiuig  ihe  possibility 
of  computing  a  unique  spectrum.  It  is  there¬ 
fore  necessary  to  filter  before  sampling  with 
a  low-pass  filter  The  required  sampling 
rate  may  be  chosen  as  shown  in  Fig.  5. 


Calibration 

As  long  as  nonlinear  effects  are  smtdl, 
the  entire  data  system  may  be  considered  as 
a  "black  box"  with  a  particular  frequency 
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Fig.  4  -  The  computer  programs 
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Fig.  5  -  Determination  of  sampling  rate  where  =  maximum 
frequency  of  analysis  and  fj  =  the  point  above  which  the 
filter  attenuation  remains  acceptable 


transfer  function  on  each  channel.  The 
availability  of  Fourier  transform  proip'Rms 
allows  for  a  simple  automatic  system  cali¬ 
bration;  a  known  time  function,  x(t),  (for 
example,  a  unit  step  function)  is  simultane¬ 
ously  applied  to  all  data  channels  and  the 
output,  y(t)  recorded.  The  system  transfer 
function,  Y(f),  is  then  just  the  ratios  of  the 
transforms,  i.e., 


It  is  usually  difficult  to  apply  a  known  in¬ 
put  to  a  transducer  installed  in  a  missile,  so 
the  transducer  response,  Y,(f)  may  be  de¬ 
termined  in  a  test  laboratory.  Then  x(  t )  is 
a  voltage  pulse  applied  by  a  simulated  trans 
ducer,  and 

V(f)  =  pj7yV,(f).  (4) 


f.'i)  The  spectral  computations  are  very  simply 
^  *  "  F,(  f )  ’  corrected  for  the  data  system's  response, 

i.e,,  if  *(t)  is  the  time  data  function  in  the 
computer,  and  F^(f),  a),(f)  a  shock  spectra 
providing  F,(  f)  f  o  hi  the  desired  range.  and  jHJwer  spectr^  density  computed  from 

xft),  then  the  corrected  spectra  are; 
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(5) 

(8) 

(Y(f))* 

Amplitude  presentitlona  may  be  corrected 
by  filtering  the  data  with  a  time  weighting 
function 


K(.)  =  /  =5- 


loift 


f) 


df 


(7) 


which  again  may  be  computed  and  applied 
automatically. 


Statistical  Considerations  and 
Computing  Effort 

In  any  sampling  procedure,  we  obtain  the 
most  Information  per  data  point  If  the  sam¬ 
ple  points  are  statistically  Independent,  l.e., 
th.9  autocorrelation,  R(iAT)  is  zero  for  i  f  o, 
'  l/ff  Then  each  point  corresponds  to  one 
degree  of  freedom.  The  number  of  degrees 
of  freedom  (or  Independent  samples),  n.  Is 
then 


"  =  f.T  (8) 

in  a  daU  aamplo  oi  length  T.  it  such  Is  not 
the  case,  the  Information  is  redundant,  l.e., 
the  data  has  fewer  degrees  of  freedom  in  any 
given  tune  Int^irval.  U  we  wish  to  compute 
the  spectrum  at  M  eoually  spaced  fre'menc'' 
points  In  the  interval  (o,  f,  ,j),  then  the  spec¬ 
tral  estimate  at  each  point  nas  at  most 
degree  of  freedom  where 


^  ^  M  =  -t  W 

Now,  if  the  spectrum  l8  computed  by  direct 
transform  methods,  the  process  is  to  com¬ 
pute  the  Fourier  transformation  (requiring 
approximately  n*  multiplications)  and  then 
square  and  average  F(f)  over  a  finite  band¬ 
width  (approximately  n  muUlplicationB).  By 
computing  an  autocorrelation  function  first 
(averaging  before  Fourier  transformation) 
and  then  the  power  spectral  density  by 
Fourier  transformation,  considerable  time 
may  be  saved  (approximately  n  +  (M  + 1)* 
multiplications).  The  trick  is  to  compute 
R(t)  with  the  minimum  number  of  statistics. 
The  following  formulation  is  one  possible 
method: 


=-jr  2] •  xK’M  t  i)At] .  (10) 

**  1*0 


Typically,  the  computer  time  saved  by  the 
autocorrelation  approach  is  on  the  order  of 
a  factor  of  100  over  direct  Fourier  methods. 


Smoothness  and  Fitting  Considerations 

Suppose  the  data  contains  a  periodic  (or 
almost  periodic)  function,  l.e.,  Ji(t)=y(t)+g(t), 
where  g(t)  is  periodic  and  y(t)  is  white  noise. 
The  autocorrelations  and  power  spectra  for 
these  parts  are  additive.  Suppose  y  has  a 
variance,  ,  and 

g(t)  =  A  sin  2nf„  t  .  (11) 

The  true  (aliased)  power  spectra  from  digit¬ 
ised  data  are; 


w() = ^  -'4' 

However,  cutting  off  the  correlation  compu¬ 
tation  at  T  results  in  the  following  smoothed 
spectrum  (Fig.  6): 


a<f) 


fs 


pinf 

2rr(f-foT 


(13) 


Although  the  frequency  resolution  of  this 
estimate  is  i/t_,  it  is  easily  seen  from  Pig. 

7  that  the  spectrum  is  distorted  for  a  con-' 
slderable  distance  beyond  that. 

The  truncation  of  the  autocorrelation  func¬ 
tion  may  be  viewed  as  forming  the  product 

<^(r)  =  R(t)  D(t)  .  (14) 

The  smoothed  spectra  is  then  as  shown  in 
Fig,  7,  where  Q(f)  is  the  Fourier  transform 
of  D(t),  d(t)  is  often  referred  to  as  a  "lag 
window."  By  the  proper  choice  of  a  window, 
the  spectra  computation  will  be  accurate  for 
a  20-db  power  range.  These  windows  are 
discussed  in  detail  in  the  literature.  Cross 
spectra  and  transfer  ratios  will  be  attacked 
by  similar  methods. 


Numerical  Filtering 

If  the  computed  spectra  encompass  a  wide 
power  range  and  the  lower  levels  contain 
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Fig.  6  -  Remit  of  truncation 
of  the  autocorrelation 


useful  Inforaatlon,  it  is  necessary  to  filter 
("prewhiten")  the  data  and  recompute  the 
power  spectra.  Numerical  filtering  is  ac¬ 
complished  by  weighting  the  digital  values, 

i.e., 

x(nAt)  =  ^  k(sAt)  x([s+n]  At)  . 

The  following  is  a  basic,  low-pass  filter: 

H(f)  =  1  .  f  <  f^ 

=  ’  fc  <  f  <  fx  (16) 

T  c 

=  0,  f  >  f.^  • 

The  weighting  function  for  this  filter  is 


This  filter  may  be  converted  to  other  func¬ 
tions  as  follows; 

1.  Band  nasa  around  u, ; 

*'a,|j(nAt)  =  k(nAt)  cos  (w^nAt)  .  (18) 

2.  High  pass: 

k'(n  A  t)  =  -  k(nA  t) 

S„  =  1,  n  =  0  (19) 

=  0,  n  f  0  . 

3.  Band  reject  around: 

=  6^  ■  k(nAt)  cos  (cOjnAt).(20) 


k(n  A  t) 


cos  27r  nAt  -  cos  277fynAt 
277^0*  At  -  f^) 


k(0)  =  (f,  +  f7)At  . 


For  a  finite  summation,  it  may  be  desirable 
to  normalize  the  filters  so  that  the  freqbency 
transfer  function  at  some  frequency,  coj ,  is 
unity.  For  this,  the  weights  may  b(}  divided 
by  C,  where 
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(24) 


C  r  k(0)  +  2  ^  k(nA  t)  cos  (nw^At),  (21) 
1 

Note  that  tiiese  filters  are  symmetrical  in 
time,  therefore  uhlike  physically  realizable 
filters,  they  do  not  phase  shift  data. 


Fourier  Transforms 

The  computation  of  frc<iuency  spectra  by 
Fourier  transformation  Is  straight-forward 
for  band- limited  sampled  data 

F(f)  =  At  E  x(nAt)  .  (22) 

n 

In  many  cases,  it  is  more  convenient  to 
compute  an  integrated  spectra; 


g 

v/TST 

for  white  noise.  If  the  shock  spectra  is  suf¬ 
ficiently  smooth,  the  effect  of  added  noise 
may  be  reduced  by  averaging  adjacent  spec¬ 
tral  values.  The  effect  of  noise  decreases 
as  y/n.  This  averaging  may  be  accomplished 
by  taking  finite  differences  from  the  integrated 
spectra.  If  periodic  or  narrow-band  noise  is 
present,  it  may  be  desirable  to  "cut  off"  the 
transient  by  a  time  window. 


Amplitude  Description 

From  data  sampled  at  a  minimum  rate,  it 
is  necessary  to  interpolate  between  points  to 
find  the  peak  values.  The  interpolation  func¬ 
tion  for  band-limited  data  is 


(23) 


!)• 


This  function  has  somewhat  better  conver¬ 
gence  properties.  If  some  smoothness  as¬ 
sumptions  can  be  made,  it  is  then  also  prac¬ 
tical  to  reduce  computing  effort  by  computing 
fewer  frequency  points. 


Transient  phenomena  in  a  missile  system 
are  almost  always  accompanied  by.quasi- 
stationar y  random  processes.  The  effect  on 
the  Fourier  transform  is  diagrammed  in 
Fig.  8.  Here  F„(f)  has  a  Rayleigh  probability 
density  in  amplitude  and  a  uniform  density  in 
phase.  The  expected  amplitude  is  just  the 
rms  (g)  value  of  the  noise  at  that  frequency 
and  is 


x(t) 


L 


x(n  A  t) 


sin^(t-nAt) 
^(t  -  nAt) 


(25) 


Interpolation  between  all  points  to  locate 
peaks  is  possible  but  wasteful  of  computer 
time.  Peaks  may  be  located  by  noting  that 
there  can  be  at  most  one  peak  between  ad¬ 
jacent  points  and  that  if  a  peak  occurs  in  the 
closed  Interval  (jAt,  [j  ^  l]At),  then 


^  (iAt)  •  ^([j +1)  At  <  0  ;  (26) 


from  Eq.  23 


V  (-1)''  x([j  +k]  At) 

Lj - trsi - •  (27) 

k 


Once  it  has  been  determined  that  a  peak 
lies  between  two  points,  the  approxlmide 
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Fig.  8  -  Effective  random  noise  on  the 
shock  spectrum 
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time  of  the  peai^  may  bo  determined  from 
the  intersection  o  the  reciprocal  of  the 
slopes  (Fig.  S).  X  t^)  13  then  determined  by 
applications  of  Eq.  J3.  The  error  in  the  peak 
value  as  a  function  i  fretjuency  due  to  this 
approximation  is  pi  ted  in  Fig.  10.  The 
number  of  peaks  in  a  given  amplitude  region 
is  then  counted  and  t’  wlayed. 


Probability  Densities 

If  the  data  is  a  sample  ^-tvm  a  gaussian 
process,  the  power  spectra  1,".  sufficient  to 
describe  it.  However,  it  is  )i.;eii  desirable 
to  verify  the  gaussian  assuii  vlioii  -  especially 
near-narrow  spectoJ  peaks,  vhere  the  driv¬ 
ing  function  may  be  periodic,  ’^’or  this  pur¬ 
pose,  the  (filtered)  datii  is  furt.  er  quantized 
and  the  digital  values  lying  ben  e  ‘n  these 
levels  are  counted.  A  e'  andard  chl-squared 
test  may  be  used  to  decide  if  ihe  data  is 
gaussian. 

Note  that  in  order  to  apply  the  chi-square 
test,  the  time  interval.  At,  belrveen  san-jple 
points  must  be  sufficient  to  insure  inde¬ 
pendence  if  the  data  is  narrow-band  gaussian. 
If  B  ifl  the  bandwidth  of  the  (filtered)  data, 
then 


At  >  ^  .  (26) 


SUMM.\1  Y 

The  pt’  ograms  described  above  have  all 
been  run  .an  experimental  basis  on  the 
IBM  704  Cl  Bendix  G-15  computer.  They  are 
at  present  being  programmed  into  an  inte¬ 
grated  pac.’Jtge  (or  the  IBM  709  computer  and 
are  expecti  d  to  start  producing  envircmmentai 
data  In  April  1060.  It  Is  hoped  that  as  side 
effects  to  b  'tter  environmental  descriptions, 
we  will  be  i  'jle  to  learn  more  about  the  de¬ 
sign  and  utD  'aation  of  simulators  and  test 
fixtures  by  t.".e  use  of  these  methods.  In  the 
future  we  ex;  ect  to  add  programs  (or  the 
computation  f  ensemble  averages,  l.e.,  a 
presentation  ;f  the  expected  or  average  en¬ 
vironment  (w.  'h  confidence  limits)  that  is 
automatically  updated  as  a  series  of  test 
progress. 

The  author  vishes  to  express  appre¬ 
ciation  to  W.  .1.  Kunkel  (or  the  consid¬ 
erable  effort  hfc  has  put  into  this  program, 
and  to  V.  S.  Nurton,  H.  Purvis,  and  J. 
Korhonen  (or  tiuilr  assistance  in  prepara¬ 
tion  of  this  papvr. 
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Fig.  10  -  Error  in  peak  estimates  vs  frequency 


BmUOORAPHY 


R.  B.  Blackman  and  J.  W.  Tukey,  The  Meaa* 
urament  of  Power  Spectra  (Dover). 

M.  Wiener,  The  Fourier  Intepril  and  Certain 
of  Ita  Applications  (Dover). 

W.  R.  Davenport  and  W.  L.  Root,  Random 
Signals  and  Nolae  (McGraw-Hliiji! 

A.  M.  Mood,  fotroductlon  to  the  Theory  of 
Statistics  (McGraw-Hill). 


C.  Shannon,  "Communication  in  the  Presence 
of  Noise"  (Proc.  IRE,  January  1949). 

J.  F.  A.  Ormsby,  "The  Design  of  Numerical 
Filters"  (STL  Report  SL  7.43-113). 

D.  Brown,  "On  the  Use  of  PGM  to  Telemeter 
BUgh  Frequency  Random  Data,"  Douglas 
Aircraft  Report  SM-36167. 


DISCUSSION 


Mr.  Trotter  (Boeing  ^rplane  Co.):  lam 
curious  to  ^ow  what  a  data  system  like  this 
would  cost. 

Mr.  Broro:  The  problem  here  is  that  we 
have  looked  at  the  cost  per  plot  of  data  rather 
than  the  overall  cost  of  the  system.  We  found 
that  the  cost  of  producing  a  power  spectral 
density  is  very  roughly  equi  to  the  cost  we 


have  at  present  by  using  our  Techhical 
Products  Analyzers.  Tho  savings  in  time 
by  automatic  computation,  the  fact  v;e 
automatically  calibrate  the  data,  red’ices 
considerably,  the  man  hours  involved,  al¬ 
though  the  equipment  cost  Itself  is  initially 
considerably  higher.  I  think  in  our  labora¬ 
tory,  the  analog-digital  conversion  equip¬ 
ment  has  cost  us  roughly  $125,000.  Of  course 


216 


this  is  spread  over  a  large  number  of  firings 
and  represents  probably  a  lot  more  capability 
along  with  versatility  than  with  a  lot  of  other 
Installations. 

Mr.  Treadwell  (University  (rf  Califoriila 
Radiation  L^oratory):  I  would  like  to  know 
some  specific  sampling  rates  that  you  do 
plan  to  use  and  what  type  of  equipment  do 
you  plan  in  the  analog- digital  conversion  to 
accomplish  the  large  number  of  digital  input 
points  per  unit  of  time  required  (or  digital 
computation  of  power  spectral  density. 

Mr,  Bro^vn:  The  analog-digital  conver¬ 
sion  equipment  we  have  on  hand  now  has 
been  operating  for  quite  some  time.  We  have 
been  using  it  for  various  data  reductions. 

Most  of  our  data  reduction  now  is  handled  in 
the  digital  computer.  For  example,  our  PDM 
data  is  digitized  by  a  similar  system.  The 
equipment  we  have  is  EPSCO  front  end  with 
variable  sampling  rates  up  to  40,000  per 
second  and  used  in  a  multiplex  mode  with  up 
to  15  channels  simultaneously  —  it  will  handle 
a  total  rate  of  32,000  per  second.  This  goes 
into  a  tape-to-tape  converter  which  was  built 


(or  us  by  EECO  to  produce  the  tape  format 
for  the  IBM  700  series  computer. 

Mr.  Kuoppamaki  (Lockheed):  What  sam- 
pling  rate  ^  you  use  when  you  convert  the 
output  of  your  Technical  Products  Analyzer 
to  digital  terms? 

Mr.  Brown:  We  don't  actually  convert  the 
power  spectral  density  plots  to  digital.  We 
do  this  in  the  computer  by  sampling  the  raw 
data.  The  sampling  rates  we  use  are  roughly 
about  four.  In  an  (m/(m  system  with  stand¬ 
ard  48  db  per  octave  cutoff  filters  we  are 
using  roughly  2.7  times  the  cutoff  frequency 
(or  a  sampling  rate.  This  is  on  the  basis  of 
these  folding  characteristics.  For  Gaussian 
filters  we  need  roughly  3.3  times  the  sam¬ 
pling  frequency. 

Mr.  Kuoppamaki:  You  did  this  before 
feeding  it  to  the  analog  analyzer  Itself? 

Mr.  Brovm;  Right.  All  the  computing  is 
done  in  the  digital  computer  by  aut^orrela- 
tlon  and  Fourier  transformation. 


* 
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SOME  INSTRUMENTATION  REQUIREMENTS 


OF  A  NONPERIODIC  6-in$  SAWTOOTH  PULSE*' 


R.  C.  Woodbui'y 
Jet  Propulsion  lAbcratory 
California  liatitute  of  Technology 
Pasadena,  California 


Six-ma  sawtooth  acceleration  pulses  have  been  demonstrated  to  be 
particularly  suitable  for  shock  testing  in  the  laboratory.  The  accuracy 
to  which  shock  machines  can  be  calibrated  is  related  to  the  spectral 
characteristics  of  tlie  sawtooth  acceleration  pulse  generated  by  them. 
Failure  to  observe  these  characteristics  may  introduce  largo  calibra¬ 
tion  errors  which  may  result  in  serious  over  testing  of  a  given  specimen. 


INTRODUCTION 

Considerable  attention  has  been  directed 
towards  shock  testing  utilizing  6- ms  saw¬ 
tooth  acceleration  pulses.  As  a  result  of  an 
investigation  by  Charles  T.  Morrow  and  H.  I. 
Sargeant  (1)  thle  waveform  was  demon¬ 
strated  to  be  particularly  sr'  able  for  shock 
testing  In  the  Laboratory.  Its  use  as  a  stand¬ 
ard  pulse  shape  for  shock  testing  was  pro¬ 
posed,  bared  upon  "the  smoothness  of  the 
spectrum  which  results  from  the  extreme 
asymmetry  of  the  pulse  shape"  (2)  and  the 
case  and  simplicity  by  which  It  may  be  pro¬ 
duced.  To  this  end,  shock  machines  have 
been  developed  and  are  commercially  avail¬ 
able.  The  accuracy  to  which  these  machines 
can  be  calibrated  is  related  to  the  spectral 
characteristics  of  the  sawtooth  acceleration 
pulse  generated  by  them.  Failure  to  observe 
these  characteristics  may  introduce  large 
calibration  errors  which  may  result  in 
serious  overtesting  of  a  given  specimen. 

Shock  work  necessarily  Involves  the 
measurement  of  transient  accelerations, 


l.e.,  pulses  of  finite  duration  not  subject  to 
the  laws  of  periodic  phenomena.  In  partic¬ 
ular,  the  sawtooth  pulse  will  always  yield  a 
continuous  frequency  distribution  in  time  with 
a  greatest  value  at  zero  frequency,  with  con¬ 
tributions  from  hig.her  frequencies  decreasing 
toward  zero  as  the  frequency  rises.  The 
spectrum  will  always  itave  the  fundamental 
property  of  a  broad  frequency  distribution 
tor  a  pulse  of  short  duration  and  a  narrow 
one  for  a  pulse  of  long  duration. 

The  fidelity  of  reproducing  a  sawtooth 
pulse  is  directly  related  to  the  distortionless 
transmission  of  all  significant  frequency 
components.  Deviation  from  this  require¬ 
ment  Introduces  waveform  distortion.  The 
peak  amplitude  will  he  suppressed.  This 
suppression  is  analogous  to  the  failure  of  a 
series  to  sum  to  the  correct  value  If  certain 
terms  are  eliminated.  In  shock  work,  it  is 
the  peak  acceleration  that  is  of  major  Interest. 
The  peak  acceleration  determines  the  maxi¬ 
mum  Inertial  stress  applied  to  a  specimen 
and,  hence,  is  a  measure  of  design  integrity. 


*Thi3  paper  was  not  presented  at  the  Symposium. 

'This  paper  presents  the  results  of  one  phase  of  research  carried  out  at  the  Jet  Propulsion 
Laboratory,  California  Institute  of  Technology,  under  Contract  No.  NASw-6,  sponsored  by  the 
National  Aeronautics  aud  Space  Administration. 
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For  a  sawtooth  pulse,  the  degree  of  amplitude 
attenuation  depends  greatly  upon  which  end  of 
the  spectrum  is  attenuated.  As  the  pulse 
width  increases,  more  and  more  energy  is 
concentrated  in  the  low-frequency  domain. 
Consequently,  the  low-frequency  components 
contribute  more  to  the  overall  pulse  geometry 
than  do  the  higher  frequencies.  Conversely, 
a  sawtooth  pulse  of  narrow  width  with  a  wide 
frequency  distribution  will  (within  limits)  be 
less  dependent  on  the  lower  frequencies  lor 
accurate  reproduction. 

The  desirability  of  estimating  the  ampll- 
bjde  reduction  or  error  which  will  occur 
when  significant  low-  and  high-frequency 
components  of  a  sawtooth  pulse  are  atten¬ 
uated  is  evident  when  one  considers  that  the 
accelerometer  used  to  measure  this  pai'tlc- 
ular  forcing  function  will  either  have  hlgh- 
or  low-frequency  limitations,  depending  on 
whether  or  not  it  is  of  the  strain  gage  or 
piezoelectric  type. 


AMPLITUDE  FUNCTION  OF  A  SAWTOOTH 
PULSE 

A  sawtooth  pulse  can  be  transformed 
from  the  amplitude- time  to  the  amplitude- 
frequency  domain  by  means  of  Fourier 


transform  analysis.  The  result  is  a  com¬ 
plex  function  of  the  form  G(w)  =  A(w)  +  jB(w) 
and  is  completely  specified  by  Eq.  (1). 


G(w)  =  [(cos  vfT  +  wT  sin  wT  -  1) 


(1) 


+  j(wT  cos  wT-sin  wT)), 


where  w  is  the  angular  frequency  variable 
and  T  is  the  pulse  width.  This  form  is  not 
completely  useful  since  instrumentation 
will  respond  only  to  its  absolute  value.  This 
value  may  be  derived  by  extracting  the 
square  root  of  the  sum  of  the  squares  of  the 
real  and  Imaginary  parts  of  Eq.  (1),  from 
which  it  may  be  shown  that  the  absolute 
value  of  the  spectrum  of  a  tawtooth.  pulse 
is  given  by 


10,.,!=:^ 


(WT)^ 


(2) 


+  2-2  +  1  sin  +  tan" ‘  ^  • 


This  equation  is  plotted  in  Figs.  1  and  2 
(curves  a)  for  pulse  widths  of  6  and  12  ms, 
respectively.  It  can  be  seen  that  a  6-ms 
sawtooth  pulse  contains  significant  frequency 
components  from  zero  frequency  to  about 


Fig.  1  -  Amplitude  error  vs  bandwidth  of  a  6-ms  pulse 


Kig.  2  -  Amplitude  error  ve  bandwidth  oi  a  12-ma  pulse 


2000  cptt.  This  In  contrast  to  a  12-ma  pulse, 
which  requires  a  bandwidth  to  only  1000  cps. 


PEAK  AMPLITUDE  ERROR  OF  A  SAWTOOTH 
PULSE  VS  BANDWIDTH 

The  difficult  mathematical  problem  of 
determining  the  peak  amplitude  of  a  sawtooth 
pulse  as  a  function  of  bandwidth  may  be 
obviated  through  the  use  of  a  simple  computer 
in  the  form  of  a  gated  linear  sawtooth  gener¬ 
ator  driving  a  bandpass  filter  terminated  by 
a  dc-response  oscilloscope.  By  establishing 
the  pulse  width  with  the  gate  generator  and 
Inserting  known  bandlimits,  it  is  possible  to 
measure  tlie  peak  positive  and  negative 
(undershoot)  amplitudes.  The  block  diagram 
of  Fig.  3  represents  the  system  used  in  this 
investigation,  together  with  typical  wave¬ 
forms.  The  first  picture  (1)  typifies  the 
input  pulse  to  the  bandpass  filter  and  is  the 
standud  of  reference.  Extending  the  high- 
frequency  cutoff  beyond  2  kc  and  the  low- 
frequency  response  to  dc  will  produce  no 
measurable  change  in  the  reference  pulse, 
providing  evidence  that  these  frequencies 
are  not  significant.  The  extreme  left-hand 
colunm  portrays  the  effects  of  low-frequency 
cutoff,  while  the  top  row  shows  the  effects 


of  high-frequency  cutoff.  The  remaining 
pictures  are  intermediate  effects.  Com¬ 
parison  to  Fig.  4  shows  that  as  the  pulse 
width  increases,  the  pulse  distortion  be¬ 
comes  greater  for  a  given  bandwidth,  and 
that  the  low-frequency  cutoff  is  indeed  very 
critical. 

Curve  b.  Fig.  1,  is  a  plot  of  the  ratio  of 
the  measured  peak  amplitude  to  the  true 
peak  amplitude  in  terms  of  low-frequemcy 
cutoff.  K  all' significant  frequencies  are 
passed,  there  will  tj  no  pulse  distortion 
aiid  hence,  no  amplitude  attenuation.  If  all 
frequency  components  below  4  cps  axe 
sunpressed,  the  peak  poeltive  amplitude 
will  be  only  80  percent  of  the  true  value, 
^/oubllng  the  cutoff  frequency  to  8  cps 
reduces  the  peak  amplitude  to  60  percent  of 
the  true  value.  Curve  c  is  a  plot  similar  to 
curve  b,  except  that  the  parameter'  is  the 
high-frequency  cutoff.  A  system  cutting  off 
at  500  cps  will  introduce  a  9-percent  error 
in  the  data,  while  a  system  responding  to 
only  200  cps  will  produce  a  25-percent 
error.  Curve  d  emphasizes  the  fact  that  a 
constant  error  will  exist  for  a  given  low- 
frequency  cutoff.  This  error  is  compounded 
as  the  high-frequency  response  is  reduced. 
In  general,  accelerometers  and  associated 
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Fig.  3  -  Geometry  of  a  6-ma  nonperiodic  eawtooth 
waveform  aa  a  function  of  bandwidth 


iMtrumanUtioa  will  bav*  bandwldUis  fftlUnf 
within  the  HmlU  (Mined  by  (mrves  c  end  cL 
The  Icw-treqoency  roll-ott  may  be  Inherent 
in  the  inatrumentatlon.  Tlie  high-fre<iuea(7 
reqiKMiae  may  be  Intentionally  restricted. 
Conaequently,  errors  ae  great  aa  SS  percent 
could  easily  be  encountered. 

Curves  e  and  f  predict  undershoot.  They 
are  plotted  as  the  ratio  of  peak  negative  *o 
peak  ponltive  amplitudes.  The  high  frequen¬ 
cies  contribute  less  to  undershoot  than  do 
the  low-frequency  components.  Obviously, 
attempts  to  measure  "negative"  acceleration 
may  load  to  large  errors  if  the  low-frequency 
response  Is  insufficient. 

The  curves  of  Fig.  2  are  similar  to  those 
of  Tig.  1.  They  are  metuded  in  an  attempt 
to  show  that  the  high-frequency  requirements 
of  the  accelerometer  instrumentation  tend  to 
becoms  less  severe  as  the  sawtuoth  pulse 


width  Is  increased.  This  Is  In  contrast  to  the 
low-frequency  reiiulrements. 


ACCS1^R(»1BTSR8 

Acceleration  Is  generally  measnred  by 
one  at  two  types  at  accelerometers:  pleso- 
electrlc  or  etraln-gage.  Cither  accelerom¬ 
eter  has  advantages  not  found  In  dm  other. 
For  shock  work,  the  choice  of  accelerom¬ 
eter  may  greatly  Influence  the  accuracy  of 
the  data.  Such  a  choice  must  be  guided  by 
the  nature  of  the  accelsratioa  pulse,  ft  can¬ 
not  be  overempha tiled  that  tlm  broadness  of 
ths  Fourier  spectrum  of  a  given  pulse  bears 
an  inverae  relatlonahtp  to  Its  imlae  wiath. 
Thus,  narrow  acceleration  pmses  (less  than 
1  ms),  poeeeetlag  broad  spe'^tra,  might  be 
adequately  monitored  by  pies  oelectrlc 
accelerometers,  wbereas  a  p  ilse  of  large 
width  (In  the  lO-nta  region)  nJght  be 
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Fig.  4  -  Gaometry  of  a  12-m*  Donpariodic  aawtooth 
waveform  aa  a  function  of  bandwidth 


completely  dtetorted  because  essential  low- 
freqnency  components  are  attenuated.  In 
aaeh  an  event,  a  strain-gage  acceleronMter 
may  prove  adequate. 

A  large  and  easily  available  Uterature 
exists  on  accelerometers.  Therefore,  a 
detailed  discussion  of  tbese  transducers 
would  be  redundant.  However,  there  are 
certain  salient  points  which  bear  reiteration 
and  must  be  considered  In  the  selection  of 
an  acceleromstor  system  for  pulse  work. 


Plexoelectric  Accelerometers 

The  large  dynamic  range  (to  10,000  g) 
and  extremely  high- frequency  reqmnse  (to 
SO  kc)  are  unique  characteristics  of  pleso- 
elsctrlc  acesieromsters.  A  serious  dis¬ 
advantage  for  pulse  work  Involving  large 
pulse  widths  is  their  low-frequency  limita¬ 
tions.  A  plesoelectrlc  accelerometer 


generates  a  charge  by  virtue  of  tee  deforma¬ 
tion  of  its  plesoelectric  crystal.  Thus,  it  Is 
an  Inertial  device.  A  continuous  acceleration 
must  produce  a  continuous  deformatloc,  and 
hence,  a  \’oltage.  In  practice,  however,  the 
aero  frs'iusacy  re^ionse  Is  only  approached 
because  tee  reactance  of  the  crystal  becomes 
very  high  when  compared  with  Its  low  resist¬ 
ance  end  tee  Input  impedance  of  tee  network 
which  terminates  the  transducer.  In  other 
words,  the  low-frequency  response  is  deter- 
wiiMH  by  the  Input  Impedance  of  the  required 
matching  amplifier.  The  beet  available  ac¬ 
celerometer  has  a  low-frequency  response 
within  iS  percent  to  0.8  cps,  subject  to  the 
condition  Hat  it  sees  an  Im^dance  of  100 
meg.  B  the  Input  signal  characteristics 
cause  grid  current  to  How,  tee  ettective 
Input  Impedance  will  decrease,  causing  an 
Increase  In  the  low-frequency  cutoff.  The 
corre^mndlng  attenuation  of  low  frequencies 
may  introduce  pulse  distortion.  This  may  be 
greater  than  thid  experlraced  under  tee  aame 
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conditions  If  the  generator  exhibited  a  low 
Internal  Impedance.  Another  factor  (often 
neglected)  which  will  reduce  the  effective 
Input  impedance  to  plate- loaded  trlode 
iiiatching  amplifiers  Is  the  efiect  of  grid- 
to-plate  capacitance.  If  the  plate  load  la 
partially  reactive,  the  Input  impedance  Is 
equivalent  to  a  capacitance  and  a  resistance 
In  parallel  from  grid  to  cathode.  Tlte  effec- 
tiv'e  input  capacitance  is  directly  propor¬ 
tional  to  the  grld-to-cathode  capacitance, 
the  grld-to-plate  capacitance,  the  gain,  and 
the  cosine  of  the  phase  angle  by  which  the 
voltage  across  the  load  impedance  leads  the 
equivalent  voltage  acting  in  the  plate  circuit. 
The  effective  input  resistance  Is  Inversely 
related  to  the  product  of  frequency,  grld-to- 
plate  capacitance,  and  the  sine  of  the  phase 
angle  described  above.  The  loading  effect  of 
tills  dynamic  Input  Impedance  Is  usually  not 
important  when  the  signal  source  has  a  low 
impedance  but  may  be  serious  when  the 
generator  Is  a  piezoelectric  accelerometer 
which  has  a  very  high  internal  impedance. 

The  evaluation  of  piezoelectric  transducer 
systems  for  use  m  shock  work  by  periodic 
we.vciorms  (sinusoids,  square  waves,  etc.) 
may  not  be  sufficient  to  describe  perform¬ 
ance  in  terms  of  nonperiodic  phenomena. 

One  reason  for  this  is  that  nonperiodic  func¬ 
tions  are  composed  of  a  continuum  of  frequen¬ 
cies  In  contrast  to  the  discrete  spectra  of 
periodic  functions.  Thus,  for  example,  a 
system  cutting  off  at  10  cps  will  transmit 
accurately  a  6-ma  periodic  sawtooth  wave 
which  contains  all  of  its  energy  above  166  cps 
but  will  introduce  considerable  distortion  to 
its  nonperiodic  counterpart,  which  contains 
most  of  its  total  energy  below  100  cps. 

Indeed,  testing  the  sau^s  system  witl<  a  non¬ 
periodic  pulse  may  not  I'e  sufi'iclerit.  Thus, 
the  above  system  would  foil  to  pass  a  500- ms 
sawtooth  pvUse  which  has  n  narrow  spectrum 
but  would  pass  a  12 -ms  sawtooth  pulse  which 
has  a  broad  spectrum.  In  addition,  an  ampli¬ 
fier  that  will  pass  a  pulse  generated  by  a  low- 
impedance  generator  provides  no  assurance 
that  it  will  transmit  the  same  pulse  if  it  is 
delivered  by  a  high- Impedance  source  such 
as  a  piezoelectric  transducer. 

In  general,  ixi8trumeF..tli%  shock  machines 
with  piezcslectric  accelero.'neters  may  result 
in  data  subject  to  large  errors  because  the 
true  forcing  function  may  undergo  degradation 
through  dynamic  shifts  in  t';e  response  charac¬ 
teristics  of  the  raatchi'u  amDllfisr  and  accel¬ 
erometer. 


Strain- Oage  Accelerometers 

Strain-gage  accelerometers  have  a  fre¬ 
quency  response  from  dc  to  an  upper  value 
determined  by  the  seismograph  system  com¬ 
prising  the  accelerometer.  Invariably, 
commercial  accelerometers  are  damp^  at 
0.707  of  critical  damping.  This  Is  an  opti¬ 
mum  value  which  gives  a  flat  frequency- 
response  curve  cue  to  about  O.JS  times  the 
natural  frequency  of  the  seismic  mass.  The 
response  will  be  down  3  Jb  at  the  natural 
frequency.  In  addition,  thli  value  of  damping 
provides  a  more  linear  phase- shift  curve 
than  Is  possible  with  other  values.  One 
commercially  available  accelerometer  has 
a  natural  frequency  of  1560  cps.  Its  useful 
frequency  range  extends  from  zero  frequency 
to  about  1092  cps.  This  bandwidth  will  Intro¬ 
duce  an  8-percent  error  If  Use  forcing  func¬ 
tion  is  a  6- ms  sawtooth  pulse.  Since  the 
accelerometer  Is  damped  at  0.707  of  critical, 
it  will  not  ring,  and  all  frequencies  beyond 
the  natural  frequsincy  will  te  attenuated. 

This  may  eliminate  the  need  for  external 
filtering. 

The  sensitivity  and  output  impedance  of 
strain-gage  accelerometers  are  low.  These 
characteristics  wimpllfy  Instrumentation 
problems.  The  output  voltages  ai  e  In  the 
millivolt  region.  Consequently,  electrical 
overload  problems  do  not  exist  (In  contrast 
to  piezoelectric  accelerometers,  which  may 
generate  volts).  The  low  output  ImpedOffce 
permits  the  use  of  direct  instrumentation, 
eliminating  the  necessity  for  complicated 
matching  amplifiers.  One  possible  llmltaUon 
for  pulse  work  Is  the  high-frequency  response. 
Strain-gage  accelerometers  may  no^  be  suit¬ 
able  for  pulses  which  contain  appreciable 
high-frequency  components  (narrow  pulses, 
for  example).  The  nature  of  the  pulse  must 
be  established  before  these  accelerometers 
can  be  used  with  confidence. 


CONCLUSION 

It  was  shown  that  the  low-frequency  require 
ments  of  a  6- ms  sawtooth  acceleration  pulse 
demand  careful  selection,  calibration,  and 
operation  of  the  transducer  system  used  to 
measure  it.  The  use  of  a  piezoelectric  ac¬ 
celerometer  may  introduce  large  errors 
because  of  the  difficulties  of  maintaining 
the  necessary  high  iiq;mt  impedance  to  the 
raatchlrg  amplifier  under  transient  condi¬ 
tions.  A  10-percent  error  in  the  peak 
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amplitude  of  a  6- ms  sawtooth  pulse  requires 
a  bandwidth  from  2  cps  to  2000  cpa.  Experi¬ 
ence  has  shown  that  a  system  having  a  2-cp8 
response,  as  measured  under  steady- state 
conditions,  may  actually  have  a  response  to 
only  8  cps  under  transient  conditions.  This 
Is  sufficient  to  introduce  a  36-percent  error 
in  the  peak  amplitude  of  a  6- ms  sawtooth 
pulse.  By  contrast,  strain-gage  accelerom¬ 
eters  respond  to  dc  but  have  high-frequency 
limitations.  However,  commercial  accel¬ 
erometers  are  available  with  sufficient  high- 
frequency  response  to  Insure  errors  no 
greater  than  8  percent.  In  general,  strain- 
gage  accelerometers  are  to  be  preferred  in 
the  Instrumentation  of  6- ms  sawtooth 


acceleration  pulses  because  of  their  stable 
frequency  characteristics  under  steady- 
state  or  transient  conditions. 

It  m\ist  be  empha.slzed  that,  regardless  of 
the  type  of  accelerometer  instrumentation 
used  to  monitor  a  sawtooth  acceleration 
pulse,  any  evidence  of  undershoot  which  is 
not  demonstrable  "negative"  acceleration 
must  ultimately  lead  to  the  conclusion  that 
the  bandwidth  is  not  commensurate  with  the 
frequency  requirements  of  the  pulse.  Indeed, 
the  existence  of  undershoot  implies  ampli¬ 
tude  attenuation;  the  greater  the  undershoot, 
the  greater  the  error. 
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INTRODUCTION  TO  SHOCK  AND 
VIBRATION  SIMULATION 


R,  M,  Mains 

Knolls  Atomic  Power  Laboratory 
Schenectady,  New  York 


Shuck  and  vibration  testing  or  simulation  are  essential  for  demonstrat¬ 
ing  what  improvements  can  be  or  have  been  made  in  the  design,  for 
determining  the  adequacy  and  acceptability  of  the  design,  and  for  con¬ 
trolling  the  quality  of  the  product.  These  various  functions  of  testing 
or  simulation  are  discua.^cd  in  this  paper. 


INTRODUCTION 

The  oervlce  life  of  many  kinds  <A  equip¬ 
ment  today  Involves  exposure  to  dynamic 
loads.  These  dynamic  loads  are  referred  to 
as  "shock  loads"  when  they  are  of  short 
duration  and  produce  trsnsieni  responses  of 
the  equipment,  and  as  "vibration  loads"  when 
they  persist  long  enough  to  produce  essen¬ 
tially  steady- state  oscillatory  responses  of 
the  equipment.  With  equipment  that  is  struc¬ 
turally  complex  (many  possible  modes  of 
response),  the  structural  responses  to  dy¬ 
namic  loads  are  difficult  to  predict  by  cal¬ 
culation  with  any  surety.  Even  more  difficult 
to  predict  is  the  damage  produced  by  the 
structural  responses,  so  that  some  substitute 
for  calculation  is  desirable.  The  natural 
substitute  for  calculation  is  testing,  of  the 
actual  equipment  if  possible,  or  of  portions 
or  scale  models  of  the  equipment  if  the  actual 
equipment  is  too  big  tc  test  or  not  available. 


THE  PROBLEM  OF  DYNAMIC  DESIGN 

Before  we  pursue  the  subjects  of  shock 
and  vibration  further,  let  as  look  briefly  at 
the  overall  problem  of  dynamic  design,  so 
that  we  may  see  how  much  of  the  picture  in¬ 
volves  testing  and  where  it  fits.  For  this 
purpose  consider  Fig.  1,  which  is  an  at¬ 
tempt  to  portray  the  dynamic  design  problem 


an  z  ricw  chart  from  concept  to  finished 
product.  The  problem  begins  with  the  con¬ 
ception  of  a  need  tor  an  item  which  can  per¬ 
form  a  desired  function  with  aome  minimum 
reliability  and  within  aome  limiting  coet. 

The  next  step,  area  1  In  the  chart,  consists 
of  defining  the  loads  to  which  the  item  will 
be  subjected  in  service.  From  these  loads, 
a  design  basis  and  a  set  of  failure  or  damage 
criteria  are  then  distilled,  as  in  area  2  of 
the  chart.  Then  a  preliminary  design  is 
developed  and  its  responses  to  the  design 
loads  are  calculated.  Parallel  with  this,  a 
test  is  devised  so  tliat  responses  to  various 
loads  can  be  meiisured  as  a  check  against 
the  calculations.  Discrepancies  between 
calculation  and  mea£'.urement  are  resolved, 
and  the  design  is  refined  and  carried  through 
the  production  sequence  to  the  finished  article. 

Now  let  us  consider  portions  of  this  over¬ 
all  picture  that  are  properly  included  in  what 
we  call  testing  or  simulation.  Of  first  con¬ 
cern  is  the  measurement  of  the  service  en¬ 
vironment,  with  its  attendant  problems  of 
instrumentation  and  data  processing,  since 
special  tests  may  need  to  be  devised  in  order 
to  measure  different  aspects  of  the  environ¬ 
ment.  The  interpretation  of  environmental 
measurements  and  their  translation  into 
design  requirements  are  properly  associ¬ 
ated  with  testing  or  simulation  sirice  the  sig¬ 
nificance  of  data  is  so  intimately  dependent 
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Fig.  1  -  Flow  chart  for  dynamic  design 


upon  the  end  Instruments  used,  their  location, 
their  calibration,  and  the  whole  data  gather¬ 
ing  and  processing  operation. 

The  establishment  of  a  design  basis  In 
terms  of  loads,  design  procedures,  test 
procedures,  and  failure  criteria  again  in- 
volver  testing  and  simulation.  It  may  well 
be  necessary,  for  example,  to  devise  some 
tests  that  slmulatf  the  environmental  loads, 
and  then  to  subje':t  various  items  that  will 
be  involved  in  the  design  to  these  tests  in 
order  to  determine  modes  of  failure  and 
significant  parameters ,  In  other  words,  the 
failure  or  damage  processes  for  items  in  the 
design  must  be  understood  (to  some  extent 
at  least)  before  intelligent  failure  criteria 
can  be  established.  Ideally,  what  Is  desired 
is  a  test  such  that  the  same  damage  proc¬ 
esses  are  developed  (perhaps  at  u  accel- 
eratsd  rate)  in  the  test  as  would  be  developed 
In  service.  This  is  true  simulation  or  envi¬ 
ronmental  testing. 

The  next  step  in  the  design  chart  involving 
testing  or  simulation  is  the  set  of  tests  de¬ 
vised  to  provide  measured  responses  of  a 
prototype  or  model  for  the  purpose  of  check¬ 
ing  the  design  calculati.ons.  This  is  design 
development  testing  for  which  a  high  degree 
of  simulation  of  environmental  loads  may 
not  be  required:  load  Intensities  may  be  re¬ 
duced,  durations  may  be  shortened,  and  the 
envircmmental  loads  may  be  separated  or 
simplified  so  that  better  checking  of  the  de¬ 
sign  calculations  can  be  done. 


Then  after  the  design  is  refined  and  made 
final,  we  come  to  the  box  in  the  chart  labelled 
"Check  Test."  This  is  tJie  operation  of  "type 
testing"  or  "prototype  acceptance  iestiag," 
for  which  the  ultim^e  in  realism  of  simula¬ 
tion  is  desired.  The  more  environmental 
loads  that  can  be  combined  In  this  test  the 
better,  for  in  this  way  the  Interaction  of 
various  damage  processes  is  developed. 

The  production  and  quality  control  boot  in 
the  chart  Involves  testing,  but  not  neces¬ 
sarily  a  simulation  of  environmental  loads. 
The  best  quality  control  test  is  the  cheapest, 
quickest  one  wUch  Insures  adequate  quality. 

It  does  not  need  to  bear  any  direct  resem- 
bh  nee  to  an  environmental  load. 

So  it  should  be  clear  that  simulation  of, 
or  testing  within,  a  shock  and  vibration  en¬ 
vironment  is  Interwoven  through  the  whole 
dynamic  design  problem,  from  measuisment 
of  loads  to  quality  control  of  the  final  product. 
In  all  of  this,  the  key  words  are  "damage 
process,"  since  the  objective  of  design  is  to 
produce  a  required  level  of  reliability  of 
function  (or  lack  of  damage).  This  objective 
can  only  be  fulfilled  if  we  can  establish  what 
factors  in  the  service  environment  are  poten¬ 
tially  damaging  to  the  item  being  designed, 
in  what  way  such  damage  develops,  and  how 
it  can  be  reduced  or  eliminated.  At  present 
we  have  but  a  small  understanding  of  damage 
processes  and  consequently  rely  heavily  on 
experience,  intuition,  and  testing.  With 
proper  observation  and  accumulation  of 
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quantitative  data  our  understanding  can  be 
significantly  Increased  in  a  relatively  short 
time. 


THE  FUNCTIONS  OF  TESTING 

In  every  dynamic  design  problem  there 
are  but  three  factors  operalini;;  (1)  the 
excitation  or  load,  (2)  the  response  of  the 
Intervening  structure  to  the  excitation,  and 
(3)  the  resistance  of  the  particular  Item  to 
damage.  To  minimise  damage  we  have  the 
choice  of  alleviating  the  excitation,  reducing 
the  response  of  the  Intervening  structure,  or 
Increasing  the  damage  resistence  of  the 
Item.  Shock  and  vibration  testing  or  simu¬ 
lation  are  essential  for  demoaiitrating  what 
Improvements  can  be  or  have  been  made 
in  the  desl^ for  determining  the  adequacy 
and  acceptability  of  the  desl^,  and  for  con- 
tro^g  the  mallty  of  the  product.  These 
various  functions  of  testing  or  simulation  will 
now  be  discussed  In  more  detail. 


Design  Development  Testing 

Testing  during  design  development  has 
two  usual  functions:  the  determination  of 
the  fragility  levels  and  the  damage  proc¬ 
esses  for  various  items  to  be  used  In  the 
design,  and  the  determination  of  the  re- 

opOuae  Cu&T&CteristlCS  of  the  ucSlgil.  Tue 

determination  of  fragility  levels  and  dam¬ 
age  processes  may  be  illustrated  by  the 
following  example; 

Consider  a  relay  to  be  used  in  the  elec¬ 
tronic  control  system  of  a  misslls.  As¬ 
sume  that  a  study  of  service  vibration  and 
shock  in  missiles  of  similar  speed  and 
propulsion  meiliod,  but  different  in  size,  has 
revealed  that: 

1.  Transportation,  stowage,  and  storage 
of  the  missile  (1)  will  probably  Involve  long 
continued  periods  of  relatively  low-frequency 
and  low-amplitude  vibrations.  These  vibra¬ 
tions  will  be  essentially  at  discrete  frequen¬ 
cies,  but  of  varying  amplitude  over  long 
periods  of  time.  The  frequency  will  range 
from  2  to  500  cps  at  amplitudes  from  0.5  g 
for  trucks  and  ships  to  10  or  12  g  for  rail¬ 
roads  and  aircraft. 

2.  Transportation  shocks  are  likely  to  be 
as  great  as  200  g  over  the  spectrum  from  a 
few  cycles  to  1000  cps,  according  to  the  par¬ 
ticular  carrier  involved. 


3.  Missile  flight  vibration  (2)  is  likely  to 
consist  of  a  broadbanded  noise-type  excita¬ 
tion  with  an  acceleration  spectral  density  of 
0.1  to  0.2  g^/cps  over  the  range  from  10  to 
8000  cps. 

Of  course  the  relay  will  see  u  Its  excita¬ 
tion  the  responses  of  the  Intervening  missile 
structure  to  these  excitations,  so  we  are  cm- 
cerned  over  the  types  of  excitation  rather 
than  the  specific 'a^litudes.  Our  problem 
is  now  defined  as:  bow  does  the  relay  reset 
to  discrete  frequency  vibi'stion,  noise-type 
vibration,  and  shock?  In  so  reacting,  at  what 
level  of  excitation  does  the  relay  begin  to 
malfunction,  by  drop-out,  chatter  or  fracture  ? 
The  answers  to  these  questtons  are  deter¬ 
mined  by  mounting  the  relay  on  a  rigid  (first 
mode  resonance  above  3000  cps,  if  possible) 
fixture  and  applying  the  different  excitations 
to  it  at  increasing  severity  until  malfunction 
occurs.  Specifically,  if  chatter  is  called 
damage  level  1  and  drop-out  is  called  dam¬ 
age  level  2,  a  slnusoidid  vibration  test  could 
produce  curves  like  Fig.  2.  A  vibration  test 
with  3  sinusoids  in  fixed  frequency  and  am¬ 
plitude  ratios  could  produce  curves  like  Fig. 

3.  Noise -type  vibration  testing  with  flat 
spectra  could  produce  a  curve  like  Fig.  4. 
Shock  testing  with  a  half-sine  pulse  could 
produce  results  like  Fig.  5.  Data  such  as 
these  are  needed  for  each  of  the  Items  in¬ 
volved  in  the  design  and  esn  be  obtained  only 
by  testing  with  a  proper  simulation  of  the 
chMy;ter  of  the  excitation,  carried  to  levels 
which  produce  specific  damage. 

It  Is  particularly  worthwhile  to  note  that, 
for  this  kind  of  testing  in  which  the  damage 
characteristics  of  a  component  are  sought, 
the  test  fixture  must  be  rigid  enough  (first¬ 
mode  resonance  sufficiently  high)  that  Its 
behavior  does  net  affect  the  results.  If  a 


FREQUENCY - ► 


Fig.  2  -  Frequency  V8  acceleration  for 
various  damage  levels 
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FRCOUENCY  Of  LOWEST  SINUSOtO - - 


Fi({.  3  -  Frequency  ATiC  acceleration  of 
lowest  sinusoid  for  various  damage  levels 


Fig.  d  -  Acceleration  spectral  density 
vs  time  for  specific  damage  level 
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DAMAGE  LEVEL  2 

LLLIlL 


DURATION  OF  HALF-SINE  PULSE - ► 

Fig.  5  -  Duration  and  peak  .acceleration  of 
half-sine  pulse  for  various  damage  levels 


sufficiently  rigid  fixture  cannot  be  devised, 
then  the  instrumentation  must  be  so  ar¬ 
ranged  that  the  excitation  of  the  component 
is  measured,  not  the  input  to  the  fixture. 
Otherwise  the  d,ata  are  specific  for  the  fix¬ 
ture  and  teeing  machine  used,  and  caimot 
be  carried  over  into  other  situations. 


For  the  second  part  of  the  design- 
development  testing  problem,  we  are  con¬ 
cerned  with  the  responses  of  the  structure 
intervening  between  the  components  and  the 
eAciiaUun  source.  Tul'  purpose  Is  to  ueteF- 
mlne  by  measurement  the  reiponse  cluirac- 
terlstics,  either  for  verification  ct  predicted 
behavior  or  because  the  structure  is  too  com¬ 
plex  to  permit  a  reliable  prediction.  The 
items  of  particular  Interest  are:  resonant 
frequencies,  mode  shapes  at  resonances, 
magnification  factors  or  tranamiselblllties, 
effect  of  nonllnearltles  on  these  properties, 
and  shock-rettponse  characteristics.  In 
addition,  it  may  be  desirable  to  compare  the 
relative  merits  of  alternate  designs,  so  as 
to  be  able  to  select  the  most  favorable  de¬ 
sign.  All  of  these  things  can  be  done  with 
sinusoidal  testing,  provided  that  one  is  will¬ 
ing  to  do  some  computing.  This  is  so  be¬ 
cause,  at  least  for  linear  responses,  the 
norm^  modes  and  frequencies  and  the  trans- 
mlssibllity  spectra  are  enough  to  predict  the 
response  to  any  excitation.  Noise-type  vi¬ 
bration  testing  and  shock  testing  are  needed, 
however,  to  determine  the  effects  of  non¬ 
linear  responses  and  of  excitations  which 
are  in  between  vibration  and  shock. 

Consider,  for  example,  the  same  missile 
control  system  into  which  the  relay  of  our 
previous  example  is  to  fit.  The  intervening 
structure  between  the  relay  and  the  excita¬ 
tion  source  might  consist  of  a  portion  of  the 
missile  airframe,  a  control  package  frame, 
a  chassis  plate  or  deck,  and  a  relay  mounting 
bracket.  The  problem  is  to  determine  the 
responses  at  the  mounting  bracket,  with  the 
relay  in  place,  of  this  series  of  structures 
to  various  excitations  of  the  airframe.  Where 
does  one  start?  With  what  specimen  and 
test  fixture  ? 


The  procedure  here  is  dependent  upon  the 
available  testing  equipment.  With  sufficiently 
large  capacity  equipment,  the  entire  missile 
could  be  shaken  while  the  transmlsslbllity 
from  the  service  source  of  excitation  to  the 
relay  bracket  v^ere  measured.  This  is  rarely 
possible,  either  for  lack  of  machine  capacity 
or  because  of  the  nonexistence  of  a  complete 
missile  at  the  design-development  stage. 
Fortunately,  alternative  procedures  are 
available.  The  portion  of  the  missile  airframe 
to  which  the  control  package  frame  attaches 
plus  a  length  from  1/2  to  1  airframe  dlwne- 
ters  on  either  side  of  the  package  mounting 
points  can  usually  be  used  to  get  good  trans- 
missibility  data.  Also  the  various  links  in 
the  structural  chain  can  be  measured  for 
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mechanical  impedance  va  frequency  sepa¬ 
rately,  or  in  convenient  combinations.  To 
measure  mechanical  impedance  between 
two  points  in  a  structure,  it  is  necessary 
to  measure  the  ratio  of  force  to  velocity  for 
various  frequencies  at  point  i  while  point  i! 

Is  held  fixed.  The  ratio  of  force  to  velocity 
at  point  2  is  then  measured  for  various  fre¬ 
quencies  while  point  1  is  held  fixed.  These 
measurements  then  establish  the  four-pole 
parameters  (3)  for  the  structure  from  which 
the  transmlsslblUty  can  be  calculated.  Ttds 
is  a  good  procedure  since  it  requires  smaller 
equipment  than  the  previously  discussed 
methods,  and  it  has  the  virtue  of  making  it 
easier  to  determine  which  link  in  the  struc¬ 
ture  needs  modlficatlcm  and  in  what  way. 
Whatever  the  method  used,  the  transmls- 
slbliity  (or  amplification  factor  vs  frequency) 
from  the  service  source  of  excitation  to  the 
point  of  interest  is  the  desired  function, 
since  this  is  sufficient  to  establish  resonant 
frequencies,  amplification  factors,  and  re- 
qmnses  to  the  various  shock  and  vibration 
inputs. 


Prototype  Acceptance  Testing 

The  sole  purpose  of  prototype  acceptance 
testing  is  exactly  Implied  by  the  name;  to 
determine  the  capacity  of  a  design  to  with¬ 
stand  its  intended  service  environment  so 
that  Its  acceptability  may  be  evaluated. 
Ideally,  such  testing  would  reproduce  exactly 
the  vailous  damaging  effects  of  the  service 
environment,  both  in  kind  and  in  magnitude. 
Practically,  it  is  rarely  possible  to  do  this 
because: 

1.  The  service  environment  is  not  known 
exactly  for  a  new  design. 

2.  The  service  environment  is  too  costly 
to  reproduce  in  the  laboratory  in  all  oi  its 
details  and  complexity. 

3.  The  service  environment  may  cover 
years  of  time,  udiile  laboratory  tests  must 
be  completed  in  a  much  shorter  time  to  be 
of  use. 

As  a  conanmj9nce,  if  prototype  acceptance 
testing  is  to  fulfill  Its  purpose,  It  must  pro¬ 
duce  the  same  damage  processes  in  the 
equipment  as  the  se^ice  environment  would 
produce,  and  usually  at  an  accelerated  rate 
of  damage. 

As  an  ev“»"yl3,  consider  ths  2^e  relay 
in  £  guided  missile  control  package  as  before. 


In  discussing  design  development,  testing 
above,  the  transportation  vibration,  trans¬ 
portation  shock,  and  missile  flight  vibration 
were  defined  In  kind  and  mapitude.  The 
desip  development  tests  of  the  relay  would 
have  served  to  establish  that  the  relay  would 
malfunction  or  be  damapd  by  one  of  the  fol¬ 
lowing  procedures: 

Drop-out  or  chatter  resulting  from  exces¬ 
sive  acceleration  in  shock,  or  from  too  high 
a  spectral  denaity  In  noise-type  vibration. 
The  aame  failure  could  occur  under  ainua- 
oldal  vibration  at  too  high  an  amplitude  or  at 
a  resonance  frequency. 

Patlpe  and  fracture  of  scrr.c  part  of  the 
relay,  structural  or  electrical,  as  a  result 
of  sustained  vibratlcn  of  either  type. 

Fracture  of  some  structural  or  electrical 
part  of  the  relay  as  a  rcijult  of  excessive 
shock. 

Specific  levels  of  excitation  at  the  relay 
at  which  these  phenomena  develop  are  not 
the  problem  in  acceptance  testing.  Rather 
it  la  the  excitation  level  at  the  envlronmentfd 
source  when  the  failure  occurs  that  la  of 
intereit.  Consequently,  the  teat  must  be 
dealped  to  produce  Uds  answer,  and  to  de¬ 
termine  the  margin  of  safety  between  the 
ciiVlivumeniai  excitation  level  and  the  failure 
level.  To  do  this  pn^rly  rcqulraa  elth«r 
the  complete  control  pack^^e,  or  some  por¬ 
tion  of  it  for  which  the  electricnl  functioning 
can  be  monitored  during  tesUnf;.  Ilila  com¬ 
plete  package,  or  portion  of  the  package,  is 
then  mounted  on  a  correct  structural  mock- 
up  (test  fixture)  of  the  support  of  the  packap 
such  that: 

The  test  article  and  its  support  show  the 
same  mechanical  impedance  to  the  testing 
machine  as  the  actual  mioslle  components 
would  show  at  the  comparable  support  points. 

The  testing  machine  shows  the  same 
mechanical  Impedance  to  the  test  article  and 
its  support  as  they  would  see  in  the  missile. 

The  point  of  attachmont  of  the  test  article 
and  its  support  to  the  testing  machine  is 
such  that  the  motion  of  this  point  in  service 
is  either  known  by  measurement  or  preidict’^ 
able  by  reliable  calculation. 

Once  these  conditions  have  been  satisfied, 
it  r  emains  to  apply  throuid^  the  testing  ma¬ 
chine  the  various  kinds  of  service  loads. 

These  lotids  should  be  commenced  at  about 
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half  the  service  magnitude,  and  Increased  in 
steps  until  a  (allure  occurs  (or  each  kind  o( 
load.  (It  may  be  desirable  to  repair  the  first 
failure  and  continue  until  more  failures  are 
developed.)  It  should  be  observed  that  it  is 
not  enough  limply  to  cooduct  a  go>no>g;o  test 
at  service  magnitude,  because  failures  have 
a  statistical  distribution.  The  (act  that  one 
prototype  passed  such  a  test  does  not  assure 
^  iny  other  article  will  pass  the  stone 
test  -  in  fact  the  probability  of  such  success 
Is  only  50  percent.  The  stepwise  testing  to 
(allure  recommended  above  does  make  pos¬ 
sible  a  determination  of  the  margin  by  which 
the  prototype  passed  ths  test  kUkiTbettor 
determination  of  the  probability  of  success 
of  subse<iuent  articles. 


For  the  determination  of  the  margin  of 
safety,  account  must  be  taken  of  the  fact  that 
a  scries  of  leete  of  increasing  severity  have 
been  administered.  One  rule  for  establish¬ 
ing  the  margin  of  lafety  under  rich  condi¬ 
tions  that  has  been  proposed  (4)  but  Is  as  yet 
unchecked  by  tests  is: 


in  which  MS  >  margin  of  safety, 

a  severity  of  the  i***  test  step, 

S,  a  severity  of  the  standard  or 
specification  test, 

k  a  5  If  stress  fatigue  Is  the  mode 
of  (allure,  or  2  if  plastic  strain 
fatigue  Is  the  mode  of  failure, 

Z]  Is  performed  (or  all  the  test 

‘  steps  to  failure. 


This  relationship  assumes  that  all  test  steps 
have  the  same  duration  or  involve  the  same 
number  of  stress  or  strain  cycles.  Additional 
(actors  could  ba  included  to  account  (or  dif¬ 
ferent  time  durations,  such  as: 


in  which  tj  is  the  duration  of  the  test 
step  and  t,  is  the  duration  of  the  standard 
test.  For  ragmple,  if  the  series  of  test 
severities,  S,/S  ,  each  at  1/2  the  standard 
duration  Were:  0.5,  0.76,  0.90,  1.00,  1.20, 
1.30, 1.40,  (allure  at  1.60,  then  the  mr  would 
be  1.24  (or  k  s  2  and  -0,53  for  k  =  5.  This 


serves  to  Illustrate  the  importance  of  es¬ 
tablishing  wliat  the  mode  of  (allure  is,  or 
perhaps  more  properly,  what  the  value  of 
k  Is. 

For  the  detemlnation  of  the  probability 
ot  success  of  subsequent  articles,  it  is  nsc- 
easary  to  use  the  theory  of  finite  Bamplittg 
and  reliability.  These  are  available  In  stand¬ 
ard  texts  (3)  and  need  not  be  discussed  In 
detail  here. 


Quality  Control  Testing 

Probably  the  best  quality  control  testing 
would  consist  of  the  application  of  the  proto¬ 
type  acceptance  test  to  a  properly  sampled 
sequence  of  production  articles.  Much  has 
been  done  In  this  (ie’.d  (6),  so  much  so  that  it 
would  be  presumptuous  to  attempt  a  brief 
summary  here.  A  discussion  of  other  feasi¬ 
ble  quality  control  tests  would  seem  to  be  In 
order,  horcver.  For  this  purpose,  the  aim 
of  quailty  control  testing  will  be  stated  as 
the  surveillance  of  production  in  such  a  man¬ 
ner  as  to  insure  a  high  probability  of  success 
in  the  event  that  any  production  article  is 
subjected  to  a  prototype  acceptance  test.  It 
Is  not  generally  economical  to  strive  (or 
nearly  100  percent  probability  of  success  - 
rather  eome  acceptable  failure  or  rejection 
rate  should  be  established  u  s  compromise 
between  the  cost  of  producing  reliability  and 
the  cost  of  probiriDle  failure.  Isch  problem 
Is  different  in  this  compromise,  and  so 
should  each  solution  be. 

For  Illustration,  let  us  return  once  move 
to  the  control  package  (or  a  guided  missile. 
For  this  kind  of  equipment,  it  usually  works 
out  that  some  form  of  vibration  test  is  best 
for  quality  control.  In  order  of  effectiveness, 
this  quality-control  vibration  test  would  con¬ 
sist  of: 

1.  A  short-duration  noise-type  vibration 
test  —  perhaps  with  the  excitation  spectrum 
shaped  to  emphasize  particularly  trouble¬ 
some  frequency  bands. 

2.  An  automatic  sweep  of  a  sinusoidal 
excitation  from  high  to  low  frequency  — 
with  amplitude  and  sweep  rate  controlled 
automatically  to  emphastoe  those  frequency 
hondi?  most  likely  to  produce  signs  of 
failure. 

3.  A  manually  controlled  sweep  of  a 
sinusoidal  excitation  -  used  in  place  of  the 
automatic  sweep  as  an  Interim  measure. 
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Comments  made  above  with  regard  to  the 
test  fixture  In  the  section  on  prototype  ac¬ 
ceptance  testing  also  aj^ly  to  quality  control 
testing.  In  addition,  It  is  especially  desirable 
to  establish  the  severity  and  duration  of  the 


portion  of  the  pri^able  life  of  the  packacils 
cysumed  In  tne  test,  say  iO  to  20  percent. 
This  may  be  determined  only  after  prototype 


acceptance  tests  to  failure  have  been  con¬ 
ducted  to  establish  vdiat  the  probable  life  of 


the  package  la.  A  relationship  such  as 


T  X  =  number  of  cycles  at  resonance, 

,  In  time  t.  Then  li  t  x  =  0»  or  mag¬ 
nification  factor  and  since 


If  the  sweep  rate  Is  t  cps/sec,  then 


f  2  ’  n 

n 


(  2 

In  which  =  severity  level  of  test,  ^  _  n 

0^ 

Sj  =  severity  level  of  standard  ac¬ 
ceptance  test.  This  result  suggests  that  the  proper  way  to 

program  a  sinusoidal  excitation  sweep  is  to 
t,  =  time  of  quality  control  test,  determine  the  largest  value  of  Q  that  needs 

to  be  allowed  to  develop  to  near-maximum 
t ,  «!  time  to  failure  at  standard  ac-  response,  and  then  program  the  eweep  rate 

ceptance  test  level  of  severity,  to  be  maintained  at  fV0*„.  This  would  In¬ 

sure  that  high-frequency  systems  did  not 
k  a  the  same  material  constant  receive  an  unduly  long  excitation  and  so 

discussed  In  the  section  on  seem  to  be  poorer  In  quality  than  they  ac- 

procotype  acceptance  ieBiiiig,  tually  were. 


would  serve  to  establish  the  quality-control 
test  level  at  the  outset,  until  experience  ac¬ 
cumulated  to  dictate  a  change. 

Somj  precautionary  comments  on  sweep 
testing  are  offered  here  for  their  applica¬ 
bility  to  quality  control  testing  (and  accept¬ 
ance  and  development  testing  as  well).  For 
a  slngle-degree-of-freedom  system,  a  num¬ 
ber  of  cycles  equal  to  the  magnification  fac¬ 
tor  is  required  for  the  amplitude  response 
to  rise  from  zero  to  95  percent  of  its  maxi¬ 
mum.  If  this  time  is  called  r,  then  a  sinus¬ 
oidal  excitation  swiaep  which  stayed  within 
the  bandwidth,  ,  of  the  resonance  ot  the 
system  for  a  time  t  should  allow  nearly  full 
response  of  the  system  to  develop. 


This  principle  of  sw«sp-rate  control,  to¬ 
gether  with  the  previously  dlacuased  one  of 
limited  life  coosumptloo  control  should  be 
sufficient  to  point  the  way  toward  quality 
control  testing  which  controls  quality,  rather 
than  wears  out  the  test  article  before  it  can 
see  service.  These  same  prlnc4>les  are 
Important  also  In  design  development  testing 
and  in  prots^type  acceptance  testing.  How 
much  weight  to  place  on  these  factors,  and 
others  discussed  above,  is  a  matter  (or  In¬ 
dividual  judgment,  to  be  carefully  checked 
against  experience  with  any  particular  arti¬ 
cle  and  modified  as  necessary  all  the  way 
through  the  dynamic  design  problem.  Dy¬ 
namic  design  requires  a  dynamic  approach 
to  the  testing  that  goes  with  it. 
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PARAMETRIC  STUDY  OF  RESPONSE  OF  BASE- 
EXCITED  TWO  DEGREE-OF-FREEDOM  SYSTEMS 
TO  WHITE  NOISE  EXCITATION* 


Allen  J.  Curtis  and  Thomas  R.  Boykin,  Jr. 
Hughes  Aircraft  Company 


The  response  of  a  two  degree-of-freedom  system  to  white  noise  exci¬ 
tation  is  obtained  analytically  for  a  wide  variation  of  the  dimensionless 
parameters  of  the  system.  The  interrelations  of  these  parameters  on 
the  response  are  illustrated  and  shown  to  be  very  significant  when  the 
uncoupled  natural  frequencies  of  the  system  are  of  the  same  order. 
The  limitations  of  approximation  methods  based  cn  a  single  degree-of- 
freedom  systetk',  model  are  indicated.  The  applicability  of  the  study  to 
dynamic  vibration  absorber  principles  is  evident.  The  responses  are 
compared  with  previously  published  experimental  results. 


INTRODUCTIMT 

In  the  study  of  the  response  of  mechanical 
systems  sut^ected  to  arbitrary  inputs,  ide> 
ally  it  is  desirable  to  know  the  precise  mo¬ 
tions  of  all  the  masses  in  the  systems.  When 
the  systems  themselves  are  generally  un¬ 
known,  and  when  the  inputs  are  random,  then 
the  assumptions  made  in  estimating  the  ef¬ 
fects  off  the  excitations  sometimes  become 
excessive. 

To  achieve  some  understanding  of  the  ef¬ 
fects  of  random  vibration  in  general,  one  of 
the  first  obvious  steps  is  to  determine  the 
response  of  a  single  degree-of-freedom  sys¬ 
tem.  This  is  easily  found  by  a  simple  closed 
expression.  However,  although  the  expres¬ 
sion  for  this  mean-square  response  is  easily 
obtained,  there  is  no  indication  of  the  effect 
of  other  masses  when  added  to  the  first,  and 
of  course  no  indication  of  the  response  of 
these  added  masses.  It  is  to  extend  this  un¬ 
derstanding  that  the  two  degree-of-freedom 
system  has  been  studied. 


Figure  1  Illustrates  a  two-degree-of- 
freedom  system  excited  by  motion  of  the 
base.  A  number  of  practical  vibration  prob¬ 
lems  may  be  analyaed  in  terms  of  such  a 
system.  For  example,  the  lower  mass  may 
be  visualized  as  basic  structure  excited  by 
the  random  motion  of  the  base  while  the  up¬ 
per  mass  represents  an  equipment  mounted 
on  that  structure.  Alternatively,  the  base 
motion  may  be  considered  as  tte  structural 
excitation  of  the  equipment  represented  by 
the  lower  mass  while  the  upper  mass  repre¬ 
sents  a  chassis  or  component  mounted  within 
the  equipment. 

The  dynamic  characteristics  of  a  tv'o- 
degree  -of-freedom  system  are  determined 
by  the  following  dimensionless  parameters: 

(1)  the  mass  ratio  M  =  mj/mj ,  (2)  the  frequency 
ratio  w  =  coj/co^  between  the  uncoupled  natural 
frequencies  of  each  spring-mass  system,  and 
(3)  the  damping  factors,  Sj  and  Sj ,  associ¬ 
ated  with  each  spring-mass-dashpot  system. 
The  variation  of  the  response  of  the  system 
to  white-noise  excitation  is  examined  for  a 


♦This  paper  was  not  presented  at  the  Symposium. 
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Fig.  1  -  Base-excited  two-degree 
of-freedom  system 


Wide  variation  of  these  dimensionless  =  Ai/"! 

parameters. 

DERIVATION  OF  RESPONSE 

Sj  =  Cj/amj 

The  two-degree-of-freedom  system  .ma- 
lyzed  in  this  study  is  shown  in  Fig.  1,  to¬ 
gether  with  the  stagle  degree-ofTfreedom 
system  used  for  normalisation  and  comparl-  ojj  =  yicj/mj 
son  purposes.  The  usual  assumptions  re¬ 
garding  linearity,  rigid  masses,  massless 
springs,  and  viscous  dampers  are  made. 


■  undamped  natural  fre¬ 
quency  of  lower  mass 
with  upper  mass  removed 
(rads/sec). 

B  viscous  damping  factor 
of  lowsr  mass  with  upper 
mass  removed. 

=  undamped  natural  fre¬ 
quency  of  uiq>er  mass  if 
lower  mass  is  blocked  or 
fixed  (rads/sec). 


The  equations  cl  motion  of  the  two-degree- 
of-freedom  system  are 

mjxi  +  Ci(ij  -  i)  +  CjCij-ij) 

+  kj(xi  -  X)  +  kj(xi-xj)  =  0,  (1) 

nijiJj  +  Cj(Xj-Xj)  +  kj(Xj-Xj)  =  0  , 

while  the  equation  of  motion  of  the  one- 
degree-of-freedom  system  is 

miXi  +  Cj(xj-x)  +  kj(x, -x)  =  0  .  (2) 

It  is  convenient  to  express  these  equations 
in  terms  of  the  following  dimensionless  pa¬ 
rameters: 


Sj  =  Cj/aiij(Uj  B  viscous  damping  factor 
of  upper  mass  if  lower 
mass  is  blocked  or  fixed. 

",  =  Aj/'"!  =  "i  =  undamped  natural  fre¬ 
quency  of  one-degree-of- 
freedom  system. 

S,  -  cj/2mjajj  =  Sj  =  viscous  damping  factor  of 
one-degree-of-freedom 
system. 

M  =  iHj/iTij  =  mass  ratio  of  two-degree- 

of-freedom. 

u  :  =  frequency  ratio  of  two- 

degree-of-freedom  system. 
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(6) 


f 


Equations  (1)  and  (2)  may  then  be  written  In  _  «  > 

the  form:  x,(t)  =  x,  =  x.e 


Xj  +  (2Si£Jj  +  +  (6i,2  +  a./M)x, 


where 


-  2S2W2MXJ  -  ajUXj  =  2Sj(U)jX  +  oi^x  (3) 

-  TSjtjjXj  -oij^Xj  +  Xj+  2Sjt.)jXj +£aj*Xj  =  0, 


(2iSjr  +  l)X 
'  (1  -  +  2iS,r) 


(or  the  two-degree-o(*freedom  system  and 

iij  +  2Sja)jXj  +  iUj^Xj  =  2Sj£JjX  +  <k)*x  ,  (4) 

(or  the  one-degree-of-freedom  system. 


Response  to  Harmonic  Basic 
Base  Excitation 

If  the  motion  of  the  base  Is  harmonic, 
x(t)  =  Xe*"*,  the  response  of  the  upper  and 
lower  masses  are  well-known  to  be 


Xj(t)  =  X,e‘“‘  =  Xje'^”*'"*^  . 

^  ft)  -  y  r‘“*  -  V 
is  ‘^2  “7  » 


(5) 


where 


The  ratio  of  response  amplitude  to  Input 
amplitude  (or  harmonic  excitation  as  a  func¬ 
tion  of  the  dlmenslonlese  excitation  frequency, 
r ,  Is  defined  as  the  transmisslblllty  curve, 
i.e.,  Xj/X  and  Xj/X  for  the  lower  and  upper 
masses  respectively  and  x,/x  for  the  one- 
degree-of-freedom  system. 


Response  to  Random  Base  Excitation 

(1,2, 3, 4) 

If  the  motion  of  the  base  is  a  random  ex¬ 
citation  V7hose  instantaneous  values  hi  an 
arbitrarily  narrow  frequency  band  have  a 
Gausslen  or  normal  probability  density  func¬ 
tion,  the  excitation  may  be  expressed  by  the 
displacement  (or  power)  qiectral  density 
A(  f ) ,  (with  units  (ln.^)/cp^,  for  example). 
Constant  spectral  density,  A(f)  =  A  Is  termed 
"white  noise." 


(-r^  +  ir2S2i  +  W^)  (ir2Sj  +  1)X 


^  (2irSjW  +  W»)  (ir2Si  +  1)X 

|D|  =  +  (l+W^)  +  ir(2Si +2SjWM)j 

(-r^  +  ir2SjW  +  w2)  -M(2irSjW  +  , 

where 
i  * 

r  <■  w/iDj  *  the  ratio  of  the  excitation 
frequency  to  the  undamped  natural 
frequency  of  the  lower  mass. 

|d|  =  0  Is  the  frequency  equation  of  the 
system. 

Xj  and  Xj  are  the  response  amplitudes, 

01  and  8  2  are  the  response  phase  angles. 

For  the  single  degree-of^freedom  system, 
the  response  to  harmonic  excitation  Is: 


For  linear  systems,  the  displacement 
apectral  density  of  the  response  is  obtained 
from  the  product  of  the  Input  spectral  den¬ 
sity  and  the  square  of  the  transmlssibiUty 
curve.  Therefore,  In  the  case  of  white-noise 
excitation,  the  response  q>ectral  density  is 
directly  proportional  to  the  square  of  the 
transmisslblllty  curve.  The  mean-square 
response  is  equal  to  the  area  under  the  re¬ 
sponse  spectral  density  plot  (1). 

Thus,  (or  the  two-degree-of-freedom  and 
one-degree-of-freedom  systems  of  Fig.  1, 
the  mean-square  displacement  responses  of 
the  two  masses  to  white  noise  may  be  ex¬ 
pressed  as 


=  A  [  (Xj/X)^  df.  (7a) 
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where  f  j  is  the  undamped  natural  frequency 
of  the  one-degree-of-freedom  system  and 
Oj  -  l/2Sj  Is  approximately  equal  to  the 
maximum  value  of  the  transmissibility  curve 
at  resonance  for  light  damping. 

From  Eq.  (7),  the  values  of  and 
are  equal  to  the  areas  under  the  transmls- 
sibiUty  curves  plotted  in  Fig.  2(a),  (b)  :md 
(c).  The  Integrals  of  Eq.  (7)  are  most  readily 
evaluated  by  use  of  the  Cauchy  Residue  The¬ 
orem  (5),  although  graphical  techniques  may 
also  be  employed. 

The  asymptotic  values  of  <f)j  and  <p^  for  a 
mass  ratio  M  =  o  are  obtained  for  M  ->  o  in 
the  following  sense.  H  mj  Is  aero,  the  sys¬ 
tem  of  Fig.  2  becomes  a  single  degree-of- 
freedom  system,  and  thus  the  mean-square 
response  </)J  of  mj  Is  0,,  and  the  spectral 
density  of  this  response  is  proportional  to 
the  square  of  the  transmissibility  curve.  If 
it  is  now  assumed  that  the  u|q)er  spring- 
mass-dashpot  system  responds  to  this  spec¬ 
tral  density  as  a  single  degree-of-freedom 
system,  then  the  mean-square  response  4>\ 
of  tiij  will  be  proportional  to  the  area  under 
the  product  of  the  transmissibility  curves  of 


the  two  single  degree-of-freedom  systems 
with  damping  factors  aj  and  Sj .  In  other 
words,  nij  has  been  assumed  to  be  zero  in 
the  sense  that  its  motion  does  not  effect  the 
motion  of  mj,  i.e.,  the  systems  are  decoupled. 
Mathematically,  the  mean-squ;ire  response 
of  becomes 


This  equation  may  be  evaluated  by  the  use 
of  the  Cauchy  Residue  Theorem.  If  1^*  from 
Eq.  (B)  is  divided  by  ,  i.e.,  0,  evaluated 
for  Uie  parameters  of  the  lower  mass,  the 
ratio  of  responses  is 


1  + 


1  + 


4S,S2 


S^Sj 


Q,Q, 


w 


Fig.  2(a)  -  Trassmissibility  cf  base-excited,  two- 
degree-of-freedotn  system  with  mass  ratios  and 
damping  fsrtors  varied 
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Fig.  2  (Continued)(b)  -  Tranamissibll- 
ity  of  base-excited,  two-degree-of- 
freedom  system  with  mass  ratios  and 
damping  factors  varied 


Fig.  2  (Continued)(c)  -  Transmissibil- 
ity  of  base-excited,  two-degree-of- 
freedoin  system  with  mass  ratios  and 
damping  factors  varied 


Results 

In  order  to  study  the  effects  of  variation 
of  the  dimensionless  parameters  of  the  two- 
degree-of-freedom  system,  l.e.,  mass  ratio, 
frequency  ratio,  and  damping  factors,  eval¬ 
uation  of  the  integrals  of  Eq.  (7)  was  pro¬ 
grammed  for  an  IBM  709  computer.  Figures 
3  and  4  show  some  of  these  results  and  will 
be  explained  later.  The  values  of  the 


between  one-  and  two-degree-of-freedom 
systems  are  more  readily  determined. 

Figure  2(a),  (b)  and  (c)  shows  plots  of  the 
square  of  transmlsslbllity  curves,  (X./X)* 

Miu  verouB  r,  Wucu  ute  utuupmg  iBi; 

tors  are  0.02  in  each  spring-mass  system. 
The  mass  ratios  are  0.01  and  0.10,  (or  the 
three  frequency  ratios  of  0.5,  1.0  and  2.5. 
The  curves  may  also  be  regarded  as  tho 


Fig.  3  -  Lower  mass  rma  reaponee  ratios,  for  combinations 

of  damping  factors,  S. ,  S.  (Table  2),  as  a  function  of  mass  ratio  M, 
at  i  =  1.0 


dimensionless  parameters  chosen  are  the  84 
combinations  of 

M  =  0.01,  0.02,  0.05,  0.10,  0.20,  0.50, 1.00, 
Sj  «  0.01,  0.02,  0.05,  0.10, 

$2  =  0.01,  0.02,  0.05, 

calculated  at  a  sufficient  number  of  points  in 
the  fre^iency  ratio  range  0.20  <  W  <  10.0  to 
permit  the  plotting  of  and  versus 
W.  Some  additional  values,  shown  later  in 
Table  2  were  calculated  for  w  =  1.0  for  com¬ 
parison  with  previously  published  experi¬ 
mental  results. 

It  is  convenient  to  normalize  the  values  of 
ifij  and  (/>2  with  respect  to  0,,  where  d),  is  the 
mean-square  response  of  the  one-degree-of- 
freedom  system  with  the  same  dynamic  char¬ 
acteristics  as  the  lower  mass  of  the  two- 
degree-of-freedom  system,  i.e.,  to  calculate 
4>i/4>t  and  Not  only  are  the  resulting 

plots  more  tractable,  but  the  differences 


M 


Fig.  4  -  Ratio  of  rms  response  of  upper 
mass  to  rms  response  of  lower  mass 
^0^7^  for  frequency  ratio  W  =  1.0  as  a 
function  of  mass  ratio,  M 


response  spectral  density  plots  of  the  re¬ 
spective  masses  for  whlte-nolF«  excitation 
of  the  base. 

Figures  S  thru  28  are  plots  of  the  nor¬ 
malised  mean-square  responses  o(  each 
mass  for  the  84  combinations  of  damping 
factors  and  mass  ratios  as  a  function  of  fre¬ 
quency  ratio.  Successive  pairs  of  odd  and 
even  numbered  figures  show  <t>i/<t>,  and  4>j/4>^, 
respectively,  for  the  seven  mass  ratios  con¬ 
sidered  and  for  a  particular  combination  oi 
damping  factors.  The  actual  values  of  <f>^ 
and  4>2  may  be  obtained  for  a  particular  set 
of  parameters  by  use  of  these  curves  and 
evaluation  of  from  Eq.  (7). 


DISCU3SI(W  OF  RESULTS 

The  results  in  Figs.  2  thru  28  are  pre¬ 
sented  in  terms  of  the  displacement  re¬ 
sponse  of  the  masses  to  a  displacement 
motion  of  the  bsme.  It  is  evident  that  they 
may  also  be  considered  as  the  velocity  re¬ 
sponse  to  velocity  base  motion  or  as  ac¬ 
celeration  response  to  acceleration  base 
motion.  However,  it  should  be  emphasized 
that  relsdions  between,  for  example,  dis¬ 
placement  response  and  acceleration  motion 
of  the  base  wiU  differ  considerably  from  the 
results  presented,  because  of  the  different 
transmissiblllty  curves  (or  transfer  func¬ 
tions)  involved.  Further,  the  mean-square 
relative  motion  between  the  two  masses,  l.e.. 


</>r  =  (Xj(t)  -  Xj(t)]2  , 

is  ^  obtained  by  the  simple  subtraction 
4>2  -  4>i,  although  under  certain  circum- 
ttancea,  this  may  be  an  adequate  approxi¬ 
mation. 

Because  of  the  interrelationships  between 
mass,  stiffness,  and  damping  coefficient  in 
dynamic  syetems,  some  care  is  necessary 
in  interpreting  the  effects  of  parameter 
changes.  Thus  in  considering  Figs.  8  thru 
28,  a  change  in  only  (Fig.  1)  will  affect 
the  three  dimensionless  parameters,  M,  v, 
and  Sj.  Conversely,  if  the  effect  of  mass 
ratio  for  a  given  W,  Sj,  Sj  combination  is 
examined,  it  is  tacitly  assumed  that  mj,  c^, 
and  (or  mj,  Cj ,  and  kj  have  all  been 
changed  appropriately  to  preserve  the  values 
of  w,  Sj,  and  s^. 

General  conclusions  which  may  be  made 
from  examination  of  Figs.  5  thru  28  are 
as  follows: 


1.  As  the  frequency  ratio  w  becomes  large 
compared  with  1.0,  l.e.,  the  upper  mass  has 
a  high  natural  frequency  compared  with  the 
lower  mass,  the  responses  of  masses  asymp¬ 
totically  become  equal  to  each  other,  i.e., 

=  02>  approach  a  value: 


which  is  very  close  to  unity  for  values  of  0i 
and  M  likely  to  be  of  interest. 

2.  For  values  of  v  below  approxircsdely 
2.0,  the  response  of  the  lower  mass  Is  c(»)- 
siderably  different  than  the  one-degree-o(- 
freedom  system,  even  for  mass  ratios  as 
small  as  0.01,  i.e.,  t  i-O. 

3.  The  mean- square  response  of  the 
lower  mass  is  always  less  than  i.e., 
the  upper  mass  "loads  down"  the  lower  moss, 
or  acts  like  a  dynamic  vibration  absorber. 

4.  The  frequency  ratio  for  maximum 
"loading"  of  the  lower  mass  decreases  as 
the  mass  ratio  increases.  For  small  ii, 
maximum  loading  occurs  at  v  %  1.0. 

5.  Significant  loading  of  the  lower  mass 
occurs  over  a  wider  range  of  valuer  of  fre¬ 
quency  ratio  w  as  the  mass  ratio  it  Increases. 

6.  For  small  w,  and  independent  of  M,  the 
response  of  the  upper  mass  is  small  com¬ 
pared  with  the  lower  mass,  i.e.,  it  is  vibra¬ 
tion  Isolated. 

7.  The  maximum  value  of  (^j/0,  occurs 
at  approximately  w  >  1.0  and  decreases  as  M 
increases.  For  small  damping,  the  maxi¬ 
mum  value  of  4>2/4>t  Is,  to  a  crude  approxi¬ 
mation,  Inversely  proportional  tiD  M. 

8.  For  constant  Sj,  the  vidue  of  is 
closer  to  1.0  for  all  v  as  Sj  increases,  i.e., 
as  the  damping  in  the  lower  mass  Increases, 
the  upper  mass,  for  given  M  and  Sj,  is  less 
efficient  as  a  dyitamic  vibration  absorber. 

9.  For  constant  Sj,  the  value  of  is 
closer  to  1.0  for  all  f  as  Sj  decreases,  i.e,, 
as  the  damping  in  the  upper  mass  increases, 
it  is  more  efficient  as  a  dynamic  vibration 
absorber  for  given  M  and  Sj. 

10.  The  families  of  curves  for  varying  M 
and  a  given  ratio  of  Sj/Sj  are  very  simlliu' 
for  both  and  4>2/4>,,  except  at  w  S:  1.0. 
For  example,  compare  Figs.  5,  15,  and  25 
and  Figs.  6,  16,  and  28. 
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The  above  general  coiiclusions  were 
^‘v^awn  on  the  basia  of  the  DieM-s<'.jutre  re- 
sjj^ses  of  the  two  masses.  Howevar,  It  is 
^°^Portant  to  eoriOJder  tlie  spectral 
danBlty\waoclated  with  the  mean-square 
i^sponseX  Figure  2{a),  (b).  and  (c)  IUms- 

^  affsctcd  by  both 
mass  ratio  and  ix^vequency  ratio. 


v.'wre  r,  and  -j  indicate  the  itUo  between 


«  ^  -  -  w  — 

frequency  al  which  the  spectral  density 
l4  desired  and  the  natural  frequencies  of  the 
uicoupled  systems  w,  and  »d  A(f)  la 
ttai  spectral  density  of  the  base  motion. 


preceding  para- 
of  the  nfipoBse 

u  **  “”*\eonEMmtaa.  The 

^  calculations 
ai  toe  almplifyjng  sal^^mption  that  the 

up^  ^  ^  Its  ’Tosdlng" 

M  the  lower  mass  may  be  negl^ted.  Under 

®Vp«te  the 

i^spcmse  spectral  densities  for  toe  iti^o 
maeses^  use  of  the  tranamisslbiUty  Vurves 
for  tte  two  uncoupled  single  degree-of- N. 
free^m  systems.  Thus,  compute  the  spe\- 
ral  density  Aj(f,n>.j)  of  the  lower  mass  fro^. 


In  the  cue  of  white  nolee  bue  excitation 
the  nean-equare  reaponee  of  toe  lower  mue 
wonld  be  and  the  mean-equtre  reaponae 
of  till  upper  muB  would  be  approximated  by 
too  1  isponae  of  a  aincie  degru-of^frudato 
syati'B,  with  charaeterlatka  f,  and  8,,  to 
white  nolle  whoae  epeetral  denalty  la  equal 
to  toe  reapooM  q>ectrai  danaHy  of  toe  lower 
raa«3  Id  f  j,  given  by  Iq,  (5),  l.e., 


■f*!  ~  A  1^,  (  f 


rS,) 


(U) 


=  A(f) 


'X,\^ 


(10) 


Tabh  1  shows  toe  comparison  between 
qiproRli  .  ate  valuee  of  spectral  deulty  at  the 
natural  1  requenules  obtained  by  Iqe.  (8)  and 
(9)  and  tl  9  correct  vahiea  takan  from  Pig. 
2(a),  (h),  md  (c).  Hie  apf^oxlmate  meu- 
square  re  rpooaes  from  Iq.  (12)  are  com- 
L  pared  wltl  toe  correct  vatee  from  Fin.  17 
\\nd  16. 


and  the  spectral  density  A-ff.m,)  of  tte  up¬ 
per  mau  from  ^ 


Aj(f.mj)  =  A(f) 


(C 


(11) 


TABIi'/j  1 


i 


.The  vail  es  In  toe  first  tom  eohimu  in- 

cscil  te  that  lot  a  fraquaaey  ratio  t  ■  0.8,  fhe 
•^/VroKimati « formulu  j^ld  qalla  aeeuiide 
y.isttlts  for  i  mau  ratio  u  high  u  0.10, 
f/OT  larger  v  tows  of  a,  toa  trrora  in  ^ 


TT" 

L  f 

a 

1  ^ 

tLQV 

CLioi^ 

A 

IIQ 

"  r 

( 

'  * 

fO.90 

» 

'm 

1 

VS) 

A 

1,113 

Uto 

igiici  i 

‘  i 

iv*. 

1.0 

O.H 

O.w/l 

iv*>  1 

0.9«B 

LOO 

/i.O 


&• 


f 


12.  , 

(nv/je 


205  at 


SOI, 676/ 7, 400 


/ 


.t87b 


{mu.- 

Rt  r  » 


» 21,000 

0.95) 


0.10t 


0.10 

(mu  >>280  at  I 
r  ■  0.85) 


7,4lD 

(max*  21,000 
I  at  r  a  0.95) 


Wt  values  -  see  F/gs.  2,  15.  and  16. 

Spectral  density  of^>ase  motion  =  A  {white  noise). 


97 

(mu 

*  3,f00 

at  r  - 

0.?5) 

07 

(mu 

3,500 

I  at  r  •■* 

0.85) 

2.5 

1  0* 

o.oit 

o.iot 

1686 

610 

050 

[___ 

at  r>0.09 

at  r-O.OS 

187.1 

800 

010 

at  r.  0.99 

at  r>0.95 

22.0 

^.5 

11.7 

^ 

It '>2.81 

- ^ 

1.0  ' 
- 1 

0.195 

0.974 

0.08  )| 

1.5 

1.38 

mass  by  upper  mass  neRle  ded.  Eqs.  (8),  (9),  (10). 
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incurred  will  increaae  as  shown  by  Fig.  15,  COMPARISON  WITH  PUBLBHBD 
although  from  Figs.  2  and  16,  it  appears  that  EXPERIMENTAL  RESULTS 
the  error  In  will  remain  small.  For 

smaller  values  of  w,  the  accuracy  of  the  ap-  The  response  to  wM'.e  noise  of  the  two- 

proxlmMion  formulae  will  Improve.  degree -if -freedom  system  shown  In  Fig.  1 

hu  been  obtained  saperlmentally  by  Crsde 

The  values  in  the  last  three  columns  in-  and  Lunney  by  using  an  analog  computer 

dicate  that  for  a  frequency  ratio  w  >  2.5,  the  (6, 1).  The  mass  ratio  employed  was  not 

approximation  formulae  (Eqs.  (6),  (9),  (10))  specified  although  it  was  stated  as  being 
yield  quite  accurate  results  for  the  spectral  quite  small.  The  experimental  method  pre¬ 
densities  of  each  mass  for  values  of  m  as  eluded  the  measurement  of  the  input  spectral 

large  as  0.10.  Also,  the  mean-square  re-  density.  It  was  held  constant  for  each  ex- 
qwnse  of  the  lower  mus  is  quite  accurate.  perlment  to  enable  comparison  between  ex- 

Bowever,  the  mean-square  response  of  the  perlments,  rather  than  to  make  absolute 

upper  mass  is  quite  inaccurate,  since,  re-  measurements.  A  fre(piency  ratio  of  ff  >  1.0 

ferring  to  Fig.  2(c),  it  is  seen  that  the  greater  was  used  throughmit.  Table  2  lists  the  values 

part  of  the  area  under  the  squared  transmis-  of  the  system  parameters  together  with  the 

slbllity  curve  is  in  the  region  of  f ,  rather  measured  responses  of  the  two  masses.  The 

than  in  the  region  of  f  j,  the  natural  frequency  column  titled  tabulates  the  lower 

of  the  upper  mass.  Again,  for  larger  values  mass  response  ratios,  i.e.,  the  ratio  of  the 

of  M ,  the  error  in  from  the  amiroxlma-  rms  responses  of  the  lower  mass  for  the 

tion  formulae  increases.  In  this  case,  the  different  dampix«  factors  assoclateo  with 

error  in  will  Increase  as  w  increases  the  experiments  i  and  j .  The  se>.t  column, 
since  the  res^se  at  f  j  will  become  a  less  titled  is  the  square  root  of  the  In- 

and  less  significant  part  of  the  total  response  verse  ratio  of  the  damping  factors  S|  for  the 

of  the  upper  mass  (Fig.  2c).  The  approxi-  lower  mass,  corresponding  to  the  experl- 
mate  values  of  and  the  spectral  densi-  ments  i  and  j .  0  the  mass  ratio  k  is  aero 
ties  will  improve  in  accuracy  us  w  increases.  in  the  sense  that  the  lower  mass  is  not  loaded 

by  the  upper  mass,  then  the  lower  mass  re- 

Tbs  values  in  the  middle  three  coluoms  sponds  as  a  single  degree-of-freedom  system, 

for  ff  -  1.0  demonstrate  the  large  errors  in  and  i/hi  ■  v'Sj./iTj,,  by  Iq.  (7c).  From 

the  approximation  formulae  when  the  frequency  fable  2  it  is  evident  that  to.';  experimental 

of  the  upper  mass  is  tuned  to  that  of  the  lower  values  agree  quite  closely  with  the  thsoretl- 

mass.  The  mean-square  response  of  the  cat  response  of  such  a  sj^m.  Figure  S 

lower  mass  is  reduced  by  a  factor  of  approx-  shows  ploti  of  the  lower  masc  rms  response 

imately  two  and  the  maximum  spectra!  density  ratio  calculated  from  Xqs.  (7a)  and 

is  reduced  by  factors  of  three  for  it  >  0.01  (7b),  as  a  function  cf  mass  ratio  M ,  when 

and  a  little  over  two  for  M  >  0.10.  Also  Im-  ff  ■  1.0  and  the  (s^.s^i)  and  com- 

portsnt  is  the  changed  shape  of  the  response  bbatlons  u  tabulated  in  Table  2  are  used, 

spectral  density  compared  with  that  for  a  In  the  limit  as  becomes  sero,  i.e.,  m  -  o , 

single  degree-of-freedom  system  as  shown  the  valuee  of  are  equal  to  tte  values 

in  Fig.  2(b).  T.hi3  inq)licat!an8  of  these  of  VSjj/Sjj  talwiated  in  Tid>le  2.  Bowever, 

changes  with  respect  to  the  problem  of  spec-  for  nonzero  mass  ratio,  this  relationship  no 

ifying  an  adequate  vibrati(»  test  of  a  com-  longer  bolds  and  changes  very  rapidly  in  the 

ponent  or  an  item  of  equipment  which  might  region  0  <  m  <  0.01.  The  actual  value  de- 

be  represented  by  mj  are  self-evident.  pends  on  tlu  damping  factors  Sj  and  s,  for 


TABLE  2 

Comparison  of  experimental'''  and  Analytical  Results 


Experi¬ 

ment 

M 

ff 

Experiment 

Numbers 

Ps 

'Jh/h 

(Eiq^rl- 

No. 

1 

j 

mental) 

r®ii 

(«  =  0) 

mental) 

1 

g 

1.0 

0.04 

0.084 

1 

2 

0.57 

0.50 

7.8 

2.8 

6.25 

8.8 

2 

5 

1.0 

0.01 

0.064 

1 

3,4 

1.57 

1.37 

7.8 

2.8 

7.33 

8.7 

5 

1.0 

0.075 

0.04 

2 

3,4 

2.77 

2,74 

12.5 

3.5 

7.64 

16,2 

4 

G 

& 

1.0 

0.075 

0.01 

3 

4 

1,00 

l.DU 

50.0 

7.1 

17.65 

25.0 

*After  Crede  and  Lunney,  Ref.  (6). 
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each  mass.  The  dotted  horiiontal  lines  rep¬ 
resent  the  experimental  values  from  Table  2. 

For  each  experiment  of  the  referenced 
report,  the  ratio  of  the  rms  responses  of  the 
upper  and  lojrer  masses  was  measured  and 
is  tabulated  In  Table  2  as 

It  Is  of  Interest  to  compare  the  mean- 
square  response  of  the  upper  mass  with  that 
of  the  lower,  when  the  frequency  ratio  e  -  1.0. 
Figure  4  is  a  plot  of  the  ratio  of  the  rms  re¬ 
sponses  of  the  iTiASses,  as  a  function 
of  the  mus  ratio  M,  for  three  combinations 
of  damping  factors  from  Table  2.  The  curve 
for  experiment  3  was  almost  identical  to  that 
for  the  damping  factors  of  experiment  2.  The 
values  plotted  for  u  >  0  were  obtained  from 
Eq.  (0),  l.e.,  for  a  "decoupled"  system,  and 
are  also  tabulated  In  Table  2,  along  with  the 
experimental  results  of  Crede  and  Lunney. 
Also  tabulated  nrv  the  vtdues  of  Q,  and 
for  the  four  experimental  values  of  S,.  From 
Fig.  4,  It  Is  evident  that  for  ff  ■  1.0 
is  little  affected  by  the  values  of  Sj  and  S, 
until  the  mass  ratio  m  becomes  less  than 
about  0.02.  Values  of  calculatsd  from 
the  curves  of  Figs.  5  to  28  for  a  number  of 
damping  factors  confirmed  this  small  varia¬ 
tion.  From  the  shapes  of  the  curves  in  Figs. 

5  to  28,  it  is  apparent  that  is  close  to 
its  maxln.'ai  vslue  when  f  >  i.O  so  thid  Fig. 

4  may  be  used  as  an  approsdmate  upper  bound 
for  tte  value  of  which  will  occur,  In¬ 
dependent  of  Sp  s„  and  w. 

When  the  mass  ratio  H  Is  very  small  (less 
than  about  0.02),  the  ratio  V^P^is  more 
strongly  affect^  by  the  damping  fact 
From  1^.  (9),  it  is  seen  that  the  raUo  is  not 


proportional  to  either  Q  or  v/t?  for  the  upper 
mass,  even  when  M  =  0,  and,  for  the  cases 
considered,  lies  somewhere  between  Q.  end 
.  However,  the  Important  point  is  Uuit 
the  variation  of  4>2  with  S,  cannot  be  approx¬ 
imated  by  the  simple  expression  for  a  Ja^e 
degree-of-freedom  systsm  (Iq.  (7c))  except 
for  small  frequency  ratio,  f  0.5  and  small 
mass  ratio  k  ^0.10  (see  Table  1). 

The  experimental  values  of  tabu¬ 
lated  in  Table  2  are  consistently  hlgMr  than 
the  analytical  values  for  n  ■  0,  and  thus  for 
any  other  value  of  M  (Fig.  4).  From  this  re¬ 
sult  and  the  comparison  of  the  experimental 
and  analytical  values  of  the  lower  mus  rms 
responu  ratios  In  Fig.  3,  It  would  appear 
that  mus  ratio  used  in  tte  ejqperiments  o! 
Crede  and  Lunney  wu  effectively  ae.ro. 


CONCLUSION 

The  response  of  a  two-degree-of-freedom 
system  to  white-noise  excitation  of  the  bue 
is  shown  to  be  strongly  affected  by  the  in¬ 
terrelations  of  the  dimensionless  parame¬ 
ters,  i.e.,  mus  ratio,  frequency  ratio,  and 
damping  tutors.  Approximate  methods  to 
compute  the  reqxxme  mut  be  used  with  cau¬ 
tion  and  do  not  give  satisfactory  ruults 
whsn  the  frequency  ratio  is  in  the  ulghbor- 
hood  of  unity.  The  effectiveness  of  the  upper 
mau  u  a  "dynamic  vlbwatlon  absorber" 
for  random  excitation  of  the  lower  mau 
over  a  broad  frequency  range  is  demon¬ 
strated.  The  responu  magnitude  is  found 
to  be  very  sensitive  to  small  variations  In 
mus  ratio  m  for  M  <  0.02,  for  a  frequency 
ratio  v  B  1.0. 
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The  reiponie  of  a  base-excited  two-degree-of-freedom 
system  to  white-noise  excitation 


Fig.  12  -  The  response  of  a  base-excited  two- 
degree-of-freedom  system  to  whitc-ijoige  excitation 


The  reeponae  of  a  baae-excited  two-degree-of-freedom 
ayatem  to  white-noiae  excitation 


Fig.  14  -  The  responae  of  a  baae-excited  two- 
degree-of-freedom  ayatem  to  v'hite-noise  excitation 
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Fig.  23  -  The  reiponte  of  a  baie-excited  two-dogree  of-freedom 
aystem  to  white-nciee  escltatloa 


Fig.  24  -  The  response  of  a  base-excUed  two. 
degree-of-freedom  system  to  white-noise  excitation 
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PANEL  SESSION  AND  DISCUSSION 

Tha  Collaclion,  Anolyiis,  and  Prasantatien  of 
Shock  and  Vibration  Data 


PANEL  SESSION  AND  DISCUSSION 

Th«  ColUction,  Anoiyiii,  Prtiantotion  af 
Shock  and  Vibrotion  Doto 


Panel  Chairman;  Dr.  R,  M.  Main*,  Knolls  Atomic  Power  Lab. 


Panel  Members;  Dr.  T.  P,  Rona,  M.I.T.  and  Boeing  Airplane  Co. 

Mr.  D.  C.  Kennard,  Wright  Air  Dev.  Div. 

Dr.  R.  T.  Othmer,  Sandia  Corporation 

Mr.  R.  W.  Blevins,  Applied  Physics  Lab.,  JHU 

Dr.  A.  J.  Curtis,  Hughes  Aircraft  Co. 

Concluding  Speaker;  Dr.  I.  Vigness,  U.S.  Naval  Research  Lab. 


FOREWORD 

In  the  course  of  their  visits  to  government  laboratories  and  to  contractors'  plants,  the 
staff  of  the  Centralising  Activity  (CA)  became  aware  of  some  discontent  among  workers 
over  the  problems  of  data  collection,  analysis,  and  preaentation.  This  discontent  appeared 
to  be  primarily  concerned  with  shock  and  vibration  data.  Because  it  is  one  of  the  aims  of 
the  CA  to  highlight  problems  as  they  arise  so  that  solutions  may  be  found,  some  means 
were  sought  to  focus  attention  on  the  problem.  A  study  group  was  organised  and  met  at  the 
U.S.  Naval  Research  Laboratory  in  January  I960,  The  group  discussed  the  evident  dis* 
content  citing  their  own  evidence,  and  determined  some  probable  causes.  They  discussed 
possible  improvements  in  current  oi-ganiiation  and  methods  and  planned  a  panel  presenta¬ 
tion  and  discussion  of  the  subject  for  the  28th  Svrriposium. 

That  the  subject  was  of  considerable  general  interest  was  evident  from  the  numbers 
who  attended  the  seminar  and  who  took  part  in  the  discussion.  But  whether  any  tangible 
results  were  achieved  must  be  left  to  the  reader  to  determine.  The  material  that  follows 
consists  of  the  panel  presentations,  a  narrative  version  of  the  main  points  brought  out  in 
the  discussion  and  a  summing  up  of  the  topics  discussed  at  the  panel  session  by  an  expert 
in  the  field. 

Not  all  of  the  comn?,c:»t8  made  during  the  panel  session  have  been  included  in  the  nar¬ 
rative.  Instead,  an  attempt  has  been  made  to  consolidate  comments  on  similar  subject 
matter.  Written  comments  on  this  topic  or  suggestions  concerning  this  kind  of  session  will 
be  most  welcome.  Address  all  correspondence  to  Code  4021,  U.S.  Naval  Research  Labo¬ 
ratory,  Washington  25,  D.  C, 


CHAIRMAN'S  PRESENTATION 
Study  Group  Flndlnge  — Dr.  Mains 

Welcome  to  our  panel  session,  ladies  and 
gentlemen.  This  session  was  planned  by  a 
study  group  called  together  by  the  Central¬ 
izing  Activity  for  Shock,  Vibration,  and 


Associated  Environments.  The  group  was 
chosen  to  represent  a  cross  section  of  the 
interests  ana  activities  ordinarily  repre¬ 
sented  at  the  Shock  and  Vibration  Symposia, 
and  it  decided  cn  the  following  p]:t>cedure  for 
this  session.  The  Chairman  will  open  with  a 
survey  of  the  situation  as  determined  by  the 
group  and  of  possible  action  to  improve 
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matters,  The  panel  members  will  then  be 
introduced  by  asking  each  a  specific  ques¬ 
tion,  the  answers  to  which  are  intended  to 
bring  forth  each  panelist's  interest  and 
background.  The  meeting  will  then  be 
thrown  open  for  questions  from  the  floor. 
Finally,  Dr.  Vlgness  will  summarize  for  us 
his  impressions  of  what  has  been  said  this 
afternoon. 

to  the  committee  discusolon  of  the  present 
situation  with  regard  to  the  collection,  anal- 
ITilB,  and  presentation  of  shock  and  vibration 
data,  there  were  about  three  points  that  stood 
out  very  strongly  as  being  worthy  of  discus¬ 
sion  this  afternoon.  During  yesterday  morn¬ 
ing's  session,  yesterday  afternoon's  session, 
and  this  morning's  session  in  particular,  the 
participants  played  right  into  my  hands.  They 
gave  me  excellent  material  for  the  first  point 
that  there  is  a  crying  need  for  improvement 
of  communication  between  the  various  disci¬ 
plines  involved  in  this  business.  For  e:tam- 
ple,  it  would  seem  quite  possible  for  a  man 
to  spend  his  days  doing  tests  and  have  no 
notion  of  what  it  is  he  is  testing,  or  why.  How 
many  times  in  the  last  two  and  a  half  days 
have  you  heard  a  question  asked  for  which 
the  answer  was,  "Well,  I  am  sorry,  that's 
not  my  department.  I  don't  know  the  answer 
to  that  question."  Well,  this  is  a  sad  state 
of  affairs.  This  is  hiding  behind  a  compart- 
tnenhUlsation.  This  is  saying  that  because  I 
do  tenting !  don't  have  to  bother  myself  with 
analyslc,  or  because  I  do  analysis  I  don't 
have  to  ever  go  get  my  hands  dirty.  lam 
sorry.  This  won't  work.  We  have  reached  a 
situi  tlon  in  which  half  of  you  can't  talk  to  the 
other  half.  At  the  time  the  study  group  met 
we  didn't  know  quite  how  far  this  had  gone, 
but  apparently  It  is  a  much  more  advanced 
disease  than  we  had  realized. 

Now  the  second  item  is  one  that  1  think 
may  be  recogrdzed  also  on  the  basis  of  what 
we  have  heard  in  these  discussions  during 
the  last  two  and  a  hall  days.  The  point  is 
that  there  is  a  severe  need  for  sitandardlza- 
tlon  of  nomenclature,  techniques,,  and  data 
prenentition  so  tliat  e;q)erience  in  one  pro¬ 
gram  cun  be  carried  over  to  anofdier  pro¬ 
gram.  We  must  start  talking  the  same  lan¬ 
guage.  When  we  say  spectral  density,  or  10 
g,  it  should  mean  the  same  tiling  to  aU  of  us, 
and  10  g  must  be  ticcompanied  by  some 
qualifying  words. 

Tfhe  third  item  *hat  came  forth  in  the 
study  group  was  ^  fact  that  there  is  a  need 
for  devisjlng  an  org  uiizational  structure 
which  fosters  rather  than  hampers  croes- 


fertllizatlon  between  these  various  special 
Interest  groups.  I  don't  know  how  it  happens 
that  a  chap  can  get  into  the  business  of  doing 
shock  and  vibration  work  and,  let's  say, 
spend  all  of  his  days  doing  nothing  but  run¬ 
ning  a  shake  machine.  This  was  incompre¬ 
hensible  to  me  until  a  few  years  ago  when  I 
got  Involved  in  industry.  Around  universi¬ 
ties,  you  see,  everybody  had  to  be  his  own 
technician,  his  own  calculator,  and  his  own 
test  setup  man-  He  had  to  do  the  whole  Job 
because  he  never  had  anything  but  a  shoe¬ 
string  to  work  on  and  a  scr;q)  pile  for  equip¬ 
ment.  Apparently,  in  industrial  work  every¬ 
body  gets  compartmentalized  into  a  little 
slot.  Perhaps  a  man  spends  several  years 
buying  pumps.  He  knows  all  there  is  to  know 
about  pumps,  but  that  is  all  he  knows.  This 
gets  to  be  real  unfortunate.  We  need  then  a 
means  of  organizing  ourselves  in  our  work 
80  that  cross  talk  between  us  is  fostered 
rather  than  hindered. 

The  purpose  of  collecting,  analyzing,  and 
presenting  shock  and  vibration  dato  is  really 
quite  clear  to  me,  and  it  seemed  clear  to  our 
study  group.  We  want  these  data  to  define 
the  "loads"  for  the  problem.  Now  I  am  using 
the  term  "loads"  here  in  quotes  in  a  gener¬ 
alized  sense.  Whether  you  think  of  shock. 
Impact,  vibration,  transients  or  steady-state 
iosds,  I  am  not  sure  that  it  is  wortbwUle 
trying  to  distinguish  between  them.  They 
are  all  Just  loads.  They  should  all  be  defined 
statistically.  Just  as  the  failure  problem  is  a 
statistical  problem  that  we  should  treat  from 
a  larger  point  of  view  than  to  make  one  test 
and  try  to  draw  general  conclusions  from  that. 

We  want  to  use  these  data  in  specifying 
the  design  environment,  then  in  designing 
the  equipment,  and  then  in  testing  the  result. 
Data  that  are  gathered  are  only  useful  when 
they  contribute  directly  to  these  functions. 

We  are,  therefore,  concerned  with  getting 
shock  and  vibration  data  into  a  form  which 
enables  us  to  predict  the  response  of  me¬ 
chanical  structures. 

Now  someone  will  immediately  say,  "But 
I  am  Interested  in  vacuum  tubes."  Well, 
isn't  a  vacuum  tube  a  mechanical  structure? 
You  get  into  difficulty  in  a  vibration  test 
with  a  vacuum  tube  not  because  it  happens  to 
have  electricity  in  it,  but  because  the  grid 
element  happens  to  bang  into  the  plate  ele¬ 
ment  and  cause  a  short,  or  because  the  grid 
wires  go  Into  resonance  and  cause  malfunc¬ 
tion.  It  is  a  mechanical  structure  problem, 
so  we  want  to  use  tlie  data  for  the  purpose 
of  determining  the  response  of  mechanicsl 
structures  to  shock  and  vibration. 
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The  form  for  the  data  needi)  to  be  such 
that  we  can  use  it  either  with  normal  mode 
and  frequency  analyses  or  \r<th  test  response 
information  such  as  a  measured  response 
spectrum.  We  can  then  go  on  to  predict  the 
behavior  of  the  structure  when  It  is  subjected 
to  this  environment.  The  process  is  really 
quite  simple,  especially  since  we  have  such 
things  as  digital  machines  to  do  computations 
for  us.  We  can  solve  12,  15,  or  20  degree 
systems  that  we  would  never  think  of  doing 
by  hand  and  ask  the  machine  to  do  a  thousand 
computaticms  on  that  system  because  it  does 
so  in  a  couple  of  minutes.  This  is  a  very 
handy  tool. 

The  things  we  are  concerned  with  in  terms 
of  response  of  this  mechanical  structure  to 
the  excitation  are  stress,  deceleration,  veloc¬ 
ity,  and  displacement.  I  tlink  everything  else 
that  we  would  like  to  derive  from  these  data 
can  be  tied  on  to  one  of  thf  se  four  quantities, 
and  probably  we  can  leave  the  stress  out  be¬ 
cause  it  depends  upon  either  acceleration, 
velocity,  or  displacement. 

Once  we  have  predicted  how  the  structure 
is  going  to  respond  to  the  excitation  which  we 
have  determined  by  the  data  gathering  proc¬ 
ess,  what  is  the  next  thing?  Well,  the  next 
thing  lu  to  predict  damage,  or  its  Inverse, 
reliability.  This  is  the  part  of  the  picture  in 
which  the  state  of  the  art  is  least  well  de¬ 
veloped.  It  does  us  no  good  at  aU  to  argue 
about  whether  a  spectral  density  picture  looks 
like  this  because  we  have  used  a  ten-cycle 
ban(^ass  Instead  of  a  one-cycle  ban(4iasB.  It 
does  us  no  good  to  argue  how  that  spectral 
density  is  going  to  affect  a  response  unless 
we  know  wh&t  the  response  means  when  we 
get  through.  If  you  can't  define  the  damage 
process  then  how  are  you  going  to  predict 
damage?  If  you  can't  predict  damage  you'd 
better  quit.  The  whole  design  process  is 
aimed  at  getting  something  which  survives 
with  a  given  amount  of  reliability.  Unless 
you  hnow  whai  the  damage  process  is  and 

It  progresses  you  can't  do  this. 

Let's  take  a  slightly  different  tack.  Let's 
ask  the  question,  why  do  we  measure  a  shock 
and  vibration  environment?  The  reason  for 
measuring  a  shock  and  vibration  environment 
is  to  define  the  motional  envlrcmment,  be¬ 
cause  we  suspect  that  it  affects  the  reliability 
of  equipment.  We  would  like  to  anticipate 
this,  to  design  for  it,  and  to  test  for  it.  For 
example,  if  we  measure  the  motional  envi¬ 
ronment  of  a  missile  that  we  are  interested 
in  during  the  mtuiufasturing  processes,  and 
the  shipping  processes,  during  storage,  and 


the  firing  of  the  missile,  we  may  well  find 
quite  different  motional  environments  in 
those  four  oases  so  that  different  design  re¬ 
quirements  derive  from  them. 

We  might  also  ask  the  question  of  where 
to  measure  these  environments.  Well,  you 
could  debate  this  one  for  quite  a  while.  I 
believe  the  place  to  measure  is  on  the  pri¬ 
mary  structure.  Os  a  ah^),  for  example, 
you  don't  measure  on  a  bracket;  ]mu  meas¬ 
ure  (m  a  floor,  an  Inner  bottom,  or  a  bulk¬ 
head  so  that  you  can  find  the  Impedance  of 
the  primary  structure  and  deduce  what  is 
going  to  change  in  the  reaponse  when  you  put 
on  a  load  In  the  form  of  the  equipment  you 
are  concerned  with.  In  making  these  meas¬ 
urements,  it  doesn't  matter  what  instruments 
you  use  as  long  as  they  are  rugged  enough, 
have  range  enough,  and  have  the  necessary 
respmse.  Each  of  us  has  his  own  pet 
instruments. 

As  to  which  recording  system  to  use,  well, 
the  Important  thing  is  selecting  one  that  has 
good  fidelity.  If  you  happen  to  like  FM  Fki 
telemetering  for  missile  work  and  the  ground 
station  happens  to  have  a  good  Amiiex  re¬ 
corder,  this  is  fine,  but  I  am  sure  there  are 
other  ways  to  do  it  that  work  well,  too. 

What  kind  of  analysis  should  one  do  ? 

Well,  one  should  analyse  for  vibration  in 
such  a  way  that  you  get  curves  of  rms  ac¬ 
celeration  spectral  density  versus  frequency. 
In  trying  to  do  this  you  may  find  that  you  do 
not  have  random  noise  at  all,  but  you  still 
would  like  to  have  rms  values  and  you  still 
would  like  to  know  at  what  frequencies,  In 
addition,  you  need  histograms,  probability 
plots  or  amplitude  distributions  at  various 
frequencies.  You  need  a  time  history  of  the 
variation  in  rms  values,  the  area  under  the 
spectrum,  or  some  other  function  which 
definen  the  change  in  environment  with  ma¬ 
neuver  status  as  in  the  airplane,  with  the 
aniiount  of  fuel  that  has  been  used  up  in  a 
misflUc,  or  a  similar  aituatlon  for  other  bits 
of  equipment.  For  this  you  need  either  the 
excitation  or  the  response  at  some  point 
where  the  impedances  are  known.  Just  put¬ 
ting  a  gauge  on  a  structure  and  hoping  that 
when  you  get  through  it  will  mean  something 
wont'  help  you.  You  may  get  specific  data 
that  is  useable  for 

that  particular  piece  of  equipment,  but  thjit 
is  all  you  will  get.  If,  on  the  other  hand,  you 
know  what  the  impedance  at  that  point  is, 
both  looking  back  into  tJie  structure  and 
looking  ahead  into  the  package,  then  you  can 
do  something  with  it. 
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For  shock,  these  analyse?  need  to  pro¬ 
duce  motion  versus  time  for  the  rma  or  for 
the  maximum  shock  Intensity,  or  a  shock 
spectrum  of  maximum  motion  versus  fre¬ 
quency.  If  you  like,  a  Fourier  analysis  of 
the  rms,  or  the  maximum,  shock  Intensity 
may  be  used.  The  significance  of  a  Fourier 
analysis  of  an  rms  shock  would  make  an 
interesting  question  to  debate.  Fct  shock 
also,  It  is  necessary  to  measure  either  the 
excitation  or  the  response  at  some  point  on 
the  struchre  where  you  know  th,}  impedanr-e 
looklnf  noth  ways.  Otherwise  we  can't  carry 
it  over  Into  the  next  problem. 

When  the  data  has  been  worked  over  the 
specification  writer  needs  to  do  an  analysis, 
an  operaUonal  analysis  If  you  like,  to  deter¬ 
mine  how  much  to  ask  for  In  design  and  in 
test.  The  economics  of  the  project  are  es¬ 
tablished  right  at  this  point  becauae  the 
specification  establishes  a  celling  and  a 
flooi-  between  which  the  design  must  fit.  If 

you  aak  for  a  shock  capacity  which  turns  out 
tc  be  unreearaiBhlA  _ _ 

. . SMt  MIUVA*- 

sonable  cost  for  the  equipment  when  you  don't 
really  need  to.  Similarly,  you  may  not  get 
good  enough  equipment  If  you  don’t  keep  your 
requirements  high  enou^.  The  specification 
writer  has  a  real  tough  job. 

Ckice  the  specification  is  written  the  de¬ 
sign  engineer  uses  the  iq;)eclflcalIon  data  to 
determine  the  str't'*tural  characteristics 
that  his  equipment  must  have  In  order  to  stay 
within  spscified  damage  limits  under  the  re¬ 
quired  excitation.  As  often  ts  not  he  must 
also  make  some  supplemental  studies  to  de¬ 
termine  what  the  damage  process  is  and  what 
the  damage  limits  are  for  the  subcomponents 
he  Intends  to  use  In  the  equipment.  This  Is 
a  key  part  of  the  design  process. 

He  also  needs  to  live  within  functional 
requirements  entirely  Irrespective  of  what 
the  other  specification  bad  to  say;  shock  or 
vibration  or  no,  If  the  radar  falls  just  when 
you  want  to  shoot  back,  you  are  going  to  be 
untugipy. 

Now  the  tent  engineer  takes  this  specifi¬ 
cation  s«sd  tries  to  apply  the  specified  envi¬ 
ronment  tc  the  equipment  and  to  measure  the 
resulting  damage.  The  test  engineer  needs 
to  touw  something  about  the  damage  process 
ilso,  bacauae  proper  simulation  of  an  envi¬ 
ronment  consists  of  just  one  thing,  and  that 
is  prodicing  similar  damaf;e  processes.  You 
may  want  to  prc-daoc  these  at  an  accelerated 
rate  In  order  not  to  have  to  wait  ten  years 
for  a  failure,  but  unless  the  test  depends 


upon  on  equivalent  damage  process  you  are 
making  the  wrong  approach.  If  the  failure  is 
In  structural  fatlgje,  say  a  stress  fatigue 
failure,  and  your  test  is  geared  to  produce  a 
static  tensile  fracture,  you  are  testing  the 
wrong  way. 

Another  link  in  the  chain  Is  the  production 
engineer  who  tries  to  produce  In  quantity 
Items  that  were  as  go^  as  the  prototype  that 
passed  the  test.  This  Is  sometimes  quite  s 
problem,  because  the  one  that  passed  the  test 
may  have  been  carefully  hand  selected  and 
bsbled  through  the  tests  In  order  to  get  that 
contract.  Then  the  production  engineer  Is 
stuck  with  trying  to  produce  items  that  will 
live  up  to  that  one  tost.  The  quality  control 
engineer  then  sees  to  It  that  the  production 
items  continue  to  pass  the  test  If  he  possibly 
can. 

Each  step  in  this  chain  Is  dependent  upon 
the  other,  and  It  is  necessary  that  they  all 
be  coordinated  from  the  beghmlng.  We  need 
improved  cross-talk  between  the  various 
disciplines  and  an  organisation  to  foster  It, 
so  that  we  each  understand  the  other  fellow's 
work  better  and  don't  have  to  say,  "Well,  I'm 
sorry,  that's  not  my  department."  When  we 
get  through  with  that  we  need  to  have  some 
commonality  of  nomenclature,  some  common 
verbiage  to  use  so  that  we  can  understand 
each  other.  We  need  standardlaed  techniques 
so  that  when  we  talk  about  a  shock  test  we 
are  all  talking  about  the  same  thing.  And, 
we  need  uniform  presentation  of  results  so 
that  power  spectral  density,  and  so  on,  means 
the  same  to  each  of  us. 


PANELISTS'  PRESENTATK»(8 
Instrumentation  -  Dr.  Rona 

Dr.  Makis:  Our  first  panelist  is  Dr.  T.  P. 
Rona  of  MIT  and  Boeing  Airplane  Compariy. 
Dr.  Rona,  what  kind  of  instruments  do  we 
need  to  determine  the  responee  to  a  lO-g 
excitation  ? 

Dr.  Rona:  Well,  this  is  a  very  interesting 
question.  It's  like  tr]ring  to  do  a  crossword 
puHzle  when  only  one  clue  Is  available. 

This  question,  how  to  determine  what  kind 
of  Instniments  you  would  need  to  determin(5 
response  to  a  lO-g  excitation,  contains  a 
numbsr  of  undertones  and  catches.  My  firnt 
reaction  would  be,  if  we  don't  know  anything; 
else  about  the  problem  then  we  had  better 
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take  the  best  Instrument  that  exists,  a  pencil 
and  paper,  and  try  to  figure  It  out  theoreti¬ 
cally.  H  we  have  any  information  on  the 
structure  concerned,  probably  one  of  the  best 
methods  is  the  analytical  approach.  Since 
this  was  not  specified  In  the  question,  I  as¬ 
sume  that  we  are  looking  for  something  else. 
Is  this  10  g  a  transient,  a  steady  sinusoidal 
excitation,  or  a  random  excitation?  When 
we  talk  about  response,  are  we  faced  with  a 
one-dimensionel,  multidimensional  or  pos¬ 
sibly  a  nonanalyUcal  structure  where  we  can¬ 
not  freely  talk  about  degrees  of  freedom  ? 

One  must  not  forget  that  we  are  more  often 
than  not  faced  with  structures  which  fall  at 
points  which  are  precisely  nonanalytical. 
Therefore,  I  will  attempt  to  sneak  o-'t  of  the 
difficulty  by  simplifying  the  problem  con¬ 
siderably. 

First,  I  will  assume  that  we  do  have  test 
equipment  on  hand  that  will  produce  at  the 
location  we  arc  Interested  In  an  arbitrary 
force  or  acceleration  input.  If  you  have 
snything  to  do  with  testing  you  realize  this 
Is  a  bl{;  assumption  and,  in  general,  this 
fscUlty  is  not  available.  Second,  I  will  as¬ 
sume  tluU  the  system  Is  linear.  This  in  my 
Judgment  is  the  only  condition  for  which  we 
can  speak  freely  of  response,  although  many 
nonlinear  systems  tu-e  often  used  In  such 
definitions.  Third,  I  assume  that  we  did 
salsct  with  proper  care  the  point  where 
measurement  of  response  Is  significant 
from  the  rlswpolnt  of  Impedance  analysis. 
After  the  above  is  accomplished,  which  may 
represent  several  weeks  or  months  of  work, 
only  then  are  we  In  a  position  to  ^clfy 
instrumentation  intelligently. 

Instrumentation  for  this  purpose  will 
consist  essentially  of  a  device  which  will 
senae  the  response  under  a  specified  force 
Input.  This  we  will  call  a  transducer.  Cri¬ 
teria  on  transducers  are  rather  well  known 
M  of  liow.  Thi5  Is  probably  the  strongest 
portbn  of  our  wealth  of  Information.  Trans¬ 
ducers  must  be  such  that  they  will  give  in¬ 
formation  output  wltuOut  Inter ferliiig  wiUi 
the  essential  phencmena.  This  means  light 
weight,  sufficient  frequency  response,  suf¬ 
ficient  dynamic  range,  accuracy,  and  envi¬ 
ronment^  behavior.  This  means,  for  in¬ 
stance,  that  if  this  structure  has  to  operate 
at  high  temperature  the  transducer  will  not 
be  affected. 

Usually  the  second  portion  of  our  instru¬ 
mentation  will  consist  of  a  line  which  could 
possibly  inckde  preamplifiers,  amplifiers, 
premoduiators,  modulators,  and  so  forth. 


You  will  notice  that  each  time  electronics 
specialists  touch  Instrumentidlon  systems 
the  discussion  invariably  centers  around 
multiplexing  bandwidth,  kld-FM,  and  so 
forth,  even  though  these  are  not  really  es¬ 
sential  to  the  measurement  process.  Al¬ 
though  we  are  basically  interested  at  the 
present  time  In  miatlles,  we  should  not  for¬ 
get  that  a  great  number  of  very  important 
vibration  problems  do  not  Involve  telemetry 
at  all.  So  for  the  sake  of  simplicity  let  us 
forget  about  telemetry  and  assume  that  the 
signal  is  obtained  at  the  place  where  we  can 
analyse  It.  There  is  some  question  whether 
we  should  record  it  first  snd  analyse  there  • 
after  or  whether  we  ahould  analyze  directly. 
My  personal  belief  is  that,  if  we  are  just 
looking  for  an  indication,  it  Is  better  to  ana¬ 
lyse  imraedistely.  Bowever,  It  Is  often  not 
possible  to  do  this.  Thus,  recording  is  a 
necessity,  net  for  theoretical  reasons  but 
because  Instrumfflts  with  sufficiently  fast 
time  response  are  not  available.  Recording 
usually  deteriorates  the  data  and  olavback 
will  give  us  the  signal,  or  a  distorted  ver- 
slMi  thereof,  which  will  ultimately  be  sub¬ 
jected  to  analysis. 

Finally,  analysis  ij  performed,  fe  anal¬ 
ysis  we  mean  either  simply  determination  of 
the  peak  signal,  peak  acceleration,  or  dis¬ 
placement  after  suitable  conversion,  or  the 
display  frequency,  power  spectral  diftrlbu- 
tlon,  amplitude  probability  <ilatribotloo,  or 
possibly  even  more  sophisticated 

Well,  this  is  the  kind  of  thing  I  would  do 
to  determine  the  responas  to  a  10-g  excita¬ 
tion.  I  hasten  to  add  that  the  answer  would 
probably  be  the  same  for  just  about  any  value 
of  Input  excitation. 


Data  Analysis  and  Presentation  -  Mr.  D.  C. 
Kennard 


Dr.  Mains:  Our  second  psneiist  is  Clint 
Kennard  from  the  Wright  Air  Development 
Division,  Air  Research  sr.d  DsvdGpmsnt 
Command.  I  will  ask  him  how  he  would  ana¬ 
lyze  a  10-g  signal  and  bow  he  would  present 
the  findings. 


MSMCAVIli  All  UAliP 

tlon,  I  think,  is  one  gem  that  is  very  difficult 
to  uncover  Ln  a  group  like  this,  and  that- is 
an  area  of  mutual  agreement.  I  think  every¬ 
body  would  agree  that  we  cannot  specify  vi¬ 
bration  by  g  alone  —  g  is  a  motion  that  has  to 
be  expressed  in  terms  of  a  frequency,  hi 
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other  word*,  a  10-g  vibration  at  10  cps  is 
certainly  an  entirely  different  situation  from 
lC>g  at  10,000  cps.  Or  If  we  go  to  sliock,  a 
10-g  sliock  for  10  milliseconds  is  certainly 
different  from  a  IC-g  shock  for  one-tenth  of 
a  miUlsecond.  So,  in  our  method  of  presen¬ 
tation  we  mutt  be  sure  that  we  are  com¬ 
pletely  defining  the  phenomenon  and  our  first 
concern  is  to  match  up  some  sort  ot  a  fre¬ 
quency  or  time  function  with  the  motional 
properties. 


Mow  if  the  10-g  load  Is  a  steady  state 
vibration,  we  simply  analyse  It  for  frequency 
content,  We  might  present  It  in  terms  of  a 
spectrum  r  1th  an  array  of  discrete  frequen¬ 
cies,  tr/e  example.  If  our  load  Is  a  random 
vibration,  we  may  present  this  data  in  terms 
of  a  spectrum  which  Is  a  continuous  spectral 
plot  of  motion  versus  frequency,  such  m 
many  of  the  power  spectral  density  plots. 
However,  In  so  doing  we  must  be  very  care¬ 
ful  that  we  specify  all  the  Inherent  charac¬ 
teristics  of  the  data  reduction  process.  For 
exanople,  bandwidth,  frequency  range,  etc., 
may  be  important  to  define  the  limitations  of 
the  analysis  equipment  so  that  we  know  within 
certain  ranges  that  cur  analysis  is  done  with 
a  certain  amount  of  accuracy.  It  is  going  to 
be  very  difficult  to  reach  a  point  of  stand¬ 
ardising  analysis  and  presentation,  but  we 
can  go  a  long  way  in  that  direction,  I  think. 

If  we  very  carefully  specify  the  character¬ 
istics  of  the  equipment  we  are  using  and  the 
limitations  of  it  so  that  others  will  be  aware 
ui  ihese  limitations  in  reviewing  and  using 
the  data.  In  other  words,  we  should  follow 
the  scientific  precept  that  we  should  endeavor, 
Insofar  as  possible,  to  define  the  phenomenon 
of  shock  and  vibration  in  basic  terms  that 
are  independent  of  the  methods  of  measure¬ 
ment,  analysis,  and  presentation. 


I  think  the  data  presenter  has  to  consider 
a  little  bit  what  the  people  who  are  going  to 
use  the  data  are  going  to  look  for.  The 
designer  may  not  always  be  satisfied  with  a 
simple  frequency  spectrum  or  power  spec¬ 
tral  density  plot.  In  the  first  place,  he  may 
not  understand  it.  A  lot  of  desipers  don't 
understand  s^/cps.  In  the  second  place,  It 
represents  a  vibration  at  only  one  point,  in 
only  one  direction  and  under  only  one  set  of 
conditions.  It  does  not  Indicate  ithe  value  of 
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may  want  some  further  information.  We 
tend  to  go  to  a  histogram  type  of  presenta¬ 
tion  to  ^ve  him  more  of  a  statistical  look  at 
the  phenomenon.  The  hiategram  will  show 
quantitative  data  on  load  repetition  charac¬ 


teristics,  amplitude  or  acceleration  levels 


at  cenam  frequencies,  and  so  forth.  This 
can  be  done  either  In  terwa  of  rms  response 
for  maximum  values,  or  a  similar  type 
presentation  Li  terms  of  individual  load 
counts  which  occur  Instantaneously.  The 
histogram  presentation  haa  the  advantage  of 
being  able  to  combine  maaaes  of  data  ao  that 
you  can  get  a  broad  look  at  the  conditions 
that  you  are  faced  with  in  service.  In  other 
words,  you  can  group  locations  in  various 
vehicles,  directions,  conditions  of  operation, 
and  things  of  thla  type  to  obtain  a  wide  au- 
tiatlcal  view  of  an  operational  profile. 

Of  course,  one  of  the  important  problems 
in  presentation  is  to  consider  the  use  that 
the  data  will  be  put  to,  for  various  types  of 
presentation  ler,d  themselves  to  different 
usee.  For  example,  you  have  a  situation 
where,  In  an  operations!  profile,  the  condi¬ 
tions  that  you  encounter  may  be  a  series  of 
stablUaed  emditions  as  far  as  vibration  is 
concerned.  You  can  conceivably  treat  each 
stabilized  condition  n?  a  steady  state,  or 
something  similar  to  a  steady  state,  vibra¬ 
tion.  But  then  you  liave  the  other  condition 
whers  the  vibration  la  cmitinually  varying, 
according  to  a  continually  varying  opera¬ 
tional  cycle.  Dr.  Mains  pointed  out  the  ex¬ 
ample  of  a  mlaalle  going  through  its  profile. 
You  have  a  continual  change  from  launch  to 
reentry  ^d  landing.  We  may  want  to  have  a 
different  form  of  preientatlon  for  that.  I  wUl 
leave  it  to  your  Imagination  what  would  be 
the  best  way  to  present  a  profile  of  that  type. 
Perhaps  we  shall  have  some  questions  on 
that  li^r. 


The  Designer's  Viewpoint  — Dr.  R.  T.  Othmar 

Dr.  Mains:  Our  next  panelist  is  Dr. 
Othmar  of  Sandia  Corporation.  I  am  sure 

has  often  twu  someoiie  come  to  hiii'i  with 
this  question,  how  do  I  design  for  10  g's  ? 

Dr.  Ottoar;  From  what  the  previous  two 
pan^lsts  have  said  I  will  assume  that  we 
now  have  the  10  g's  defined  extremely  well 
either  in  terms  of  sinusoidal  vibration,  ran¬ 
dom  vibration,  or  shock.  01  coul'se,  we  have 
left  out  the  man  between  the  two  previous 
panelists  ai^d  myself,  the  sjpeclfication  writer. 
The  designer  is  always  Interested  in  knowing 
what  the  actual  conditions  are  that  he  haa  to 
design  to  sLnee  many  times  the  specification 
writer  will  slip  in  a  little  amplification  or 
factor  of  safety  that  the  designer  isn't  always 
aware  of.  When  faced  with  a  particular 
specification  the  designer  also  is  apt  to 
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throw  In  an  additional  factor  or  margin  of 
fialety.  He  also  has  to  have  some  idea  as  to 
what  damage  is  going  to  be  involved. 

Not  only  the  people  that  are  concerned 
with  shock  and  vibration,  but  the  people 
that  are  concerned  with  the  function  are 
Involved  in  the  complete  design.  Many  times 
the  designer  who  first  starts  to  work  on  a 
given  problem  is  someone  like  an  electrical 
engineer  who  is  concerned  primarily  with 
the  function.  He  has  got  to  get  out  a  com¬ 
ponent  that  will  perform  in  operation.  He  is 
not  weU  versed  in  shock  and  vibration  analy¬ 
sis,  so  he  concentrates  on  the  functional 
aspects  ct  design.  The  Individual  who  has  to 
deal  with  the  cortrol  of  that  item  to  survive 
the  various  shock  and  vibration  environments 
has  the  problem  of  taking  what  is  already 
designed  imd  trying  to  fit  a  box  around  it,  or 
some  sort  of  a  mount,  so  that  it  will  be  well 
protected. 

Here,  I  think,  is  another  good  place  for  in 
Improvement  In  communications.  His  elec¬ 
trical  and  mechanical  engineers  should  get 
together  early  In  the  program  and  discuse 
each  others  problems.  Just  as  ws  need  bet¬ 
ter  communications  between  those  concerned 
with  Inetrumente,  data  reduction  preeen- 
taboa,  design  and  test,  so  we  also  need  bet¬ 
ter  communications  within  the  design  group 
itself.  Once  the  mechnnicnl  engineer  under¬ 
stands  better  the  problems  of  the  electrical 
engineer  he  can  help  Influence  how  the  desip 
goes  instead  of  having  to  work  with  an  Item 
that  is  already  desigDed.  This,  obviously, 
will  take  a  lot  of  diplomacy. 

In  the  final  analyeis  of  the  desip,  then, 
there  are  many  different  means  availiible  all 
the  way  from  straight  theoretical  anaiyeie  to 
various  models  or  complete  tests. 

1  think  that  we  are  quite  often  like  a  cer¬ 
tain  pntleman  quoted  in  the  Headers  Dipet 
who  was  describing  inteliipnce  test*.  He 
said  that  the  way  they  used  to  wei^  hogs  in 
Texas  was  to  find  a  plank  and  a  crosritiar; 
catch  the  hog  and  tl?  him  on  one  end  of  the 
plank  and  then  find  a  euimble  rock  or  stone 
to  balance  the  hog.  After  H  was  balanced 
they  would  pess  the  weight  of  the  stone. 

I  think  that  in  our  desipb  we  are  often 
doing  the  same  thing.  That  is,  we  have  a  lot 
of  complex  systems,  which  are  not  possible 
to  treat  as  linear  Eystema,  or  as  single 
depee,  two  depoe,  or  three  depee  of  free¬ 
dom  systems.  We  have  to  pess  at  what  we 
are  to  use  for  toe  parameters.  When  we 


pess  we  are  somewhat  like  the  Individual 
who  is  weighing  the  hog;  that  la,  we  have  a 
better  Idea  of  what  tite  we'.ght  of  a  atone  Is 
than  what  we  have  for  the  weight  of  the  live 
hog. 


The  Test  Engineer's  Viewpoint  -  Mr.  R  W. 
Blevins 

Dr.  >^ne:  Our  fourth  panelist,  Ralpk 
Blevins  from  the  ApplljMi  ^elce  Lnbon- 
tory,  Johns  Hopkins  Uatweraity,  reprsMate 
the  test  engineer's  point  of  view.  The  je¬ 
tton  I  aek  him  Is,  how  do  you  a  10-g 
icst? 

Bleylne:  In  dtscueelng  the  test  prob- 
lem  i  want  to  emphaelse  four  points,  and  in 
doing  so  I  am  ping  to  duck  the  Issue  of  what 
do  wc  mean  by  10  g.  The  other  panelists 
have  covered  this,  and  we  will  assume  that 
we  have  the  equlpmert  available  and  that  we 
know  what  we  mean  by  10  g.  This  le  a  big 
assumption. 

The  first  point  that  I  would  like  to  bring 
out  is  the  question  of  where  to  measure  the 
10  g.  Our  moderator  touched  on  this  when 
he  was  discussing  the  problem  of  acquiring 
vibration  data,  but  it  is  rather  importaat  tor 
the  test  man  to  apee  upon  the  point  on  the 
structure  bito  which  he  wants  to  put  a  spec¬ 
ified  Input  As  an  example,  if  we  are  testtPg 
a  complete  missile  we  want  to  apply  the  ac¬ 
celeration  in  the  iraasveree  plane,  the 
structure  will  reqiood  somewfant  as  a  free- 
free  beam,  not  ideally  of  course,  but  there 
will  be  some  point  on  that  structure  where 
the  excitation  la  aero  or  close  to  aero. 

There  will  be  other  points  on  the  structure 
where  the  excitation  will  be  quite  high, 

Bfhen  I  test  thie  at  10  g,  can  we  agree  that 
this  Is  10  g  maximum  or  Is  It  something 
else?  Agila  when  we  consider  the  sdb- 
ansembly  or  the  smaller  cmnponant  ws  face 
thrs  same  probiem.  Where  do  we  msaeure 
the  input  ?  Ilils  is  pnerally  done  by  chooe- 
iug  rather  arbitrai’lly  a  lupport  point  on  this 
particular  structure.  I  think  the  important 
thing  to  emphasise  here  is  that  at  a  very 
minimum,  we  must  in  some  way  simulate 
the  siipport  of  the  indivldiial  component  to 
the  basic  nirframe  w.ben  we  test  it. 

• 

Now  the  second  problem  that  I  would  like 
to  mention  is  the  fixture  problem.  If  you 
will  recall  last  year  in  £1  Paso  there  was  a 
panel  which  spent  co-nsiderable  time  dis- 
cuasing  this.  The  'specification  generally 


261 


( 


I 


t 


reads  that  we  are  required  to  apply  10  g 
along  a  particular  axis.  It  says  .nothing 
about  crosstalk.  It  seems  to  me  ti.ere  are 
two  points  of  view  here,  and  1  am  not  going 
to  stand  cm  either  one.  But  the  first  argu¬ 
ment  is  that  if  we  are  able  to  apply  the  ac¬ 
celeration  in  one  plane  and  one  plane  only 
without  any  crosstalk  in  the  other  planes, 
then  we  have  a  little  better  chance  at  per¬ 
forming  some  damage  analysis,  or  we  are 
closer  to  a  theory  that  we  understand.  On 
the  other  hand,  tte  argument  goes  that  if  you 
have  a  little  bit  of  crosstalk  you  are  much 
closer  to  an  actual  simulation  of  flight.  I 
think  the  point  I  would  like  to  emphasise 
here  is  that  It  is  very  Important  that  we 
understand  Just  what  is  the  test  excitation. 

In  addition  to  the  plane  in  which  the  10-g 
excitation  is  to  be  applied,  the  motion  in  the 
other  two  planes  should  certainly  be  meas¬ 
ured  and  understood. 

A  third  point  has  also  been  mentioned  by 
Dr.  Ifalns,  and  that  is  a  queiition  of  the  def¬ 
inition  of  failure.  If  we  are  testing  an  item 
which  fftils  by  breakage  or  fails  by  yield, 
generally  we  have  a  pretty  good  chance  of 
understanding  this.  However,  in  many  equip¬ 
ments  that  we  are  asked  to  test,  the  criterion 
of  failure  is  one  of  performance.  It  is  a 
gyro,  and  failure  is  defined  as  a  certain  drift 
rate;  or  it  is  an  amplifier  and  fkllure  is  de¬ 
fined  as  a  certain  signal-to-noise  ratio.  I 
think  the  Important  point  here  is  that  the  test 
engineer  must  work  very  closely  with  the 
other  disciplines  involved  to  understand  the 
implications  of  what  he  is  doflning  as  failure. 

As  an  example,  assume  you  have  an  am¬ 
plifier  which  is  a  part  of  a  guidance  system. 
You  realize  that  you  will  have  a  certain 
signal-to-nolBe  ratio  coming  out  of  the  am¬ 
plifier  under  vibration.  It  is  a  rather  com¬ 
plicated  analysis  to  determine  an  acceptable 
&.mount  of  signal-to-noise  ratio  that  wiD. 
affect  the  guidance  e}'etem  and  how  the  effect 
upon  the  guidance  system  will  change  the  kill 
probability  of  the  missile.  The  test  erigirieer 
is  here  dependent  on  cooperation  with  the 
other  disciplines  Involved.  He  must  under¬ 
stand  the  problems  and  understand  the  impli¬ 
cations  of  his  test 

The  last  point  I  would  like  to  mention 
coricerns  the  type  of  data  that  we  ought  to 
get  from  our  tests.  I  think  we  can  all  agree 
that  the  type  of  data  we  want  is  some  kind  of 
data  that  is  useful  in  design.  Here  I  am 
thlidcing  primarliy  of  data  from  the  so-called 
type  test,  not  a  routine  acceptance  test.  U 
we  simply  say  a  component  did  net  work,  did 


not  iuss  the  test,  or  exceeded  some  pre-set 
value  under  10-g  excitation,  this  gives  the 
designer  really  very  little  Information.  It 
doesn't  tell  him  whether  that  component 
would  pass  5  g,  7  g  or  something  else. 

Therefore,  in  looking  for  information 
useful  to  the  designer,  I  think  we  have  to 
realise  that  in  addition  to  passing  an  arbi¬ 
trary  qpeclficatlon  we  should  be  siudysliig 
the  equipment  to  obtain  the  method  of  failure 
and  tte  points  at  which  it  fklled. 

Now  we  have  found  that  the  so-called 
"g-to-fallure"  test,  which  remiltS  in  an  in¬ 
verse  resonance  curve  as  the  test  result,  Is 
a  very  useful  type  of  Investigation.  Here  we 
determine  the  force  level  at  which  the  com¬ 
ponent  falls  as  a  function  of  frequency.  This 
has  the  advantage  of  telling  the  designer 
where  the  critical  points  on  that  piece  of 
equipment  are. 

Obviously  these  are  not  all  of  the  prob¬ 
lems  the  test  engineer  runs  into,  but  1  believe 
they  are  the  major  ones. 


Organization  -  Dr.  A.  J,  Curtis 

Dr.  lifahiis:  Our  final  panelist  is  Dr. 
Curtis  of  Hughes  Aircraft  Company  and  he 
will  tackls  the  question  how  do  you  organize 
so  as  to  best  iutsgrate  the  whole  shock  and 
vibration  business  in  a  company  of  any  given 
size? 

Dr.  CurHs:  I  think  we  must  give  this 
.  question  a  broader  com'ext  than  simply  the 
integration  of  efforts  on  shock  and  idbratlon. 
Siock  and  vibration  certainly  is  a  very  Im¬ 
portant  part,  but  really  it  is  only  a  part  of 
an  environmental  program  which,  in  burn,  is 
one  part  of  a  reliability  progrtuxi  for  any 
project.  Since  it  is  such  a  part  it  must  be 
integrated  then  with  the  whole  reliability 
program  of  a  given  project 

How  can  we  go  about  integrating  all  these 
various  efforts,  the  ones  that  have  been  de¬ 
scribed  by  the  previous  panelists  ?  1  think 
we  have  to  start  applying  the  weapons  sys¬ 
tem  concept  to  these  efforts.  We  need  some¬ 
thing  like  a  system  integration  department 
Most  projects  of  any  size  have  something 
which  may  be  called  a  system  aniUysis  de¬ 
partment  or  synonyms  therefor.  They  say 
that  this  bird  shall  have  a  given  probability 
of  hit  or  it  shall  last  so  long.  They  define 
all  the  system  parameters.  What  we  need 
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then  is  some  organization  that  decides  the 
system  parameters  lor  environmental  mat¬ 
ters,  reliability  matters  and,  as  part  of  that, 
shock  and  vibration  requirements. 

I  am  sure  we  are  going  to  have  to  retain 
our  usual  organizations  of  flight  test, 
inatruraentatlon-data  analysis,  and  design 
depairtments.  We  can't  get  away  from  it. 

But  we  need  in  addltlmi  to  this  a  system 
activity. 

What  must  this  system  activity  be  able  to 
achieve  and  what  kind  of  people  can  make  up 
such  an  activity  ?  Certainly  they  have  to 
have  a  very  broad  area  of  technical  compe¬ 
tence.  I  am  sure  qualified  people  exist,  but 
I  am  also  sure  they  are  going  to  be  pretty 
hard  to  find,  since  they  must  fully  appreciate 
the  problems  of  the  designer,  the  Instrumen¬ 
tation  man,  the  flight  test  man,  etc.  This 
appreciation  must  be  in  the  sense  of  being 
able  to  conduct  a  technical  evaluation,  not 
merely  to  smile  and  nod  knowingly.  ‘They 
must  pretty  sharp  cookies  altogether. 

to  whom  should  this  organization 
report?  Well,  certainly  they  come  under 
the  project  manager  for  any  project  that 
they  are  working  on.  But  sometimes  project 
managers  are  a  little  biased  in  theh  outlook. 
They  kind  of  feel  that  their  project  is  the 
most  important  one  that  the  conymny  has  in 
hand,  and  so  I  think  it  would  be  well  that  this 
organliatlon  rqiort  to  Uy  manngsiBent  di¬ 
rectly  and  perils  the  project  manager  indi¬ 
rectly.  In  this  way  they  can  maintain  a  fairly 
impartial  and  (d)Jectlve  view.  For  example, 
if  the  boss  asks,  "Well,  how  Is  this  prqject 
coming?  Is  it  going  to  be  a  reliable  syetom  ? 
Are  we  going  to  be  able  to  market  this?  - 
they  can  anewjsr  truthfully  and  objectively. 
Certainly  these  people  must  have  some  proj¬ 
ect  loyalty,  but  this  should  not  be  overdojse. 
Otherwiss  we  will  lose  the  abil  .ty  of  trans¬ 
ferring  the  knowledge  that  we  gained  on  proj¬ 
ect  A  tci  the  cexl  project  B  which  comes 
raonfr.  We  must  hopefully  learn  by  our  past 
I  rtiiytakeo  and  make  our  ^ant  steps  forward 
instead  of  in  the  usual  backwards  direction. 

Another  thing  they  have  to  do  is  to  make 
sure  that  the  degree  cf  effort  which  is  put  on 
the  particular  phases  of  this  reliability  pro¬ 
gram  are  kept  in  balance.  Within  the  limita¬ 
tions  of  the  three  M’s  —  standing  lor  men, 
money,  aiid  months  -  a  good  cn'erall  balance 
should  be  maintained.  For  example,  let’s  not 
spend  every  avalluble  data  chaanel  to  meas¬ 
ure  the  environment  of  one  vacuum  tube  of  a 


whole  15-fcot  missile.  That's  an  extreme 
example,  but  I  am  sure  you  get  the  point. 
Also,  we  are  always  short  of  channels.  So 
let’s  use  each  one  to  its  optimum  extent  A 
system  type  organization  should  be  able  to 
Insure  that,  with  appropriate  choice  of  In- 
strumentatioo  and  data  analysis,  this  one 
channel  can  be  made  to  serve  the  purposee 
of  several  of  the  pansllirts  that  you  heard 
from  before.  Both  the  teet  engineer  and  the 
structural  designer,  for  instance,. can  get 
the  same  information  from  the  same  data 
channel.  At  the  present  time  in  many  proj¬ 
ects  they  wind  up  cempetiiog  for  channels; 
let's  gat  them  together  and  sharing  channels. 

The  things  I  have  said  are  colored  by  the 
fact  that  I  have  worked  on  prqjecta  whi^ 
have  beer.  Largely  in  h'.Hise  where  tlie  control 
and  flexibility  required  is  quite  feasible. 
When  we  have  .1.  project  which  to  largely  out 
of  house  or  Bubcmitracted  trlth  a  systemr. 
management  organisation,  I  think  you  can 
see  a  s'milar  organization  to  the  one  I  have 
Just  pro^^sel .« t  part  of  a  systems  rnsnsfa- 
meat  v...  rt.  Bit  when  you  have  small  sub- 
contrai-  ^  at  the  Lieglnnliig  of  the  program, 
how  do  you  arrive  at  a  reasonable  set  of 
requirements  upon  which  a  potential  stdicon- 
tractor  is  willing  to  bid,  when  you  still  do  not 
know  tbs  envlrciimsnt?  You  have  to  tell  him 
something,  otherwise  he  won't  give  you  a 
reasonable  price  or  bid  on  the  contract  If 
you  are  overly  conservative  It  can  be  pretty 
costly  and,  if  you  are  not  canservatfvf 
enorj^.,  this  can  be  even  worse.  You  uaually 
.Lind  right  at  the  «ul  that  you  are  In 
trocvtle,  and  it  Is  pretty  expensive  to  correct 
ycur  mistakes. 

WsU,  how  can  we  Improws  thit  iii  cf  es¬ 
timating  environments  before  we  h£vu  ^Ten 
begun  to  design  some  vehicle.  E?re  I  thij& 
is  the  point  where  we  really  need  this  siand- 
ai'dlsation  of  data  analysis  techniques.  .Per¬ 
haps  It  means  we  have  to  do  it  two  ways.  If 
you  have  a  pet  way  of  doing  it,  perhaps  you 
do  that,  but  also  do  it  In  a  more  standard  way 
so  that  other  people  can  understand  it  and 
your  sx].)erieace  can  be  relayed  to  them.  We 
should  have  some  organisation  adilch  could 
keen  track  of  what  kind  of  dntn  and  meaeurn- 
ments  have  been  made  on  various  projects 
and  types  of  vehicles.  If  this  data  or  a 
description  of  what  was  measured  where, 
whsn,  and  <si  what  kind  of  a  vehicle  or  struc¬ 
ture  could  be  collected  together,  we  might 
do  better  in  this  preliminary  estimating  of 
envlronmestB. 


narrative  of  the  discussion 

The  Problem  of  Compartmentatlon 

Mr.  a  J.  Parry,  Lockheed,  Burbank, 
conunented  that  he  agreed  with  Dr.  Main's 
etatemeats  about  the  need  for  more  commu¬ 
nication  betwemi  the  various  groups  working 
on  programs.  However,  It  Is  probably  un¬ 
avoidable  to  have  some  people  saying,  "That 
part  of  it  Is  not  In  my  area  and  I  don't  care 
to  get  into  IL"  finch  a  statem  ent  is  quite 
naturai  since  no  one  likes  to  lAlk  for  some¬ 
one  else.  The  only  people  wlio  can  cover  the 
field  are  those  who  know  all  facets  of  the  big 
programs. 

Dr .  C.  Morrow  of  flTL  commented  as  fol¬ 
lows:  "I  agree  heartily  that  we  have  to  have 
some  way  of  getting  around  the  present  de¬ 
gree  of  compartmentatlon  that  has  infected 
us  in  our  industrial  work  on  the  shock  and 
vibration  problem.  It  is  quite  essential  if  we 
are  to  make  progresH,  that  we  each  learn  a 
little  bit  of  the  other  fellow's  problem  and  a 
little  more  about  what  he  does.  But  after  we 
have  exerted  our  best  effort  in  this  dlrecUon 
it  is  very  likely  that  some  compartmentatlon 
will  atm  persist,  though  hopefully  a  little 
less  than  there  is  now.  Some  minimum  level 
of  compartmentatlon  Is  quite  characteristic 
of  Industry,  so  I  would  raise  this  question; 

Do  we  have  a  good  solution  to  the  shock  and 
vibration  problem  unless  it  can  be  applied 
with  a  reasonable  degree  of  conyMuimenta- 
tlon  of  effort?  The  work  we  do  In  solving 
the  shock  and  vibration  problems  should  not 
be  based  on  any  misconception  of  the  organ¬ 
ization  problems  involved." 

Mr.  H.  W.  Cordes,  Lockheed,  Sunnyvale 
commented  as  follows;  "My  question  is 
simply,  why  should  we  change  our  present 
plan  oi  operation?  At  an  earlier  session  we 
heard  that  we  should  measure  higher  fre¬ 
quencies.  From  tlie  floor  came  the  ques¬ 
tions:  Why  should  we  measure  them,  we 
haven't  had  any  lUlures  ?  Who  has  had  any 
failures  ?  No  one  responded  and  I  don't 
think  anyone  has  had  any  failures.  Perhaps 
our  present  method  is  pretty  good.  Wo  look 
at  some  previous  data,  use  a  crystal  h»ii  and 
co^  up  with  design  criteria.  Experience, 
at  lensi  flom  what  has  been  said  here,  seems 
to  have  SuCWu  that  no  failures  occur.  Per¬ 
haps  the  way  to  get  nuuugement  behind  us  is 
to  crystallize  this  problem  of  compartmenta- 
tion.  Actually  the  five  representatives  on 
tills  panel  represent  only  a  small  portion  of 
the  people  Inivolved.  Communlcaticms,  data 
rodviction,  and  other  parte  should  also  be 


linked.  Maybe  our  present  system  is  all 
right  until  we  advertise  our  failures  Instead 
of  our  successes." 

Dr.  Curtis  responded:  "I  don't  think  we 
are  suggestli^  a  change.  The  suggestion  I 
nude,  hopefully,  etrller  this  afternoon  was 
Just  to  make  ouraelvt's  more  efflcient.  A 
few  years  ago  the  customer  was  reasonably 
happy  If  you  could  design  a  weapon  gystem 
which  had  an  overall  reliability  of  00  or  70 
percent.  I  don't  think  we  can  afford  the 
luxury  of  that  OO.  percent  unreliability  any¬ 
more.  We  are  ^ow  striving  for  rellsbUitles 
of  05  percent  and  our  objectives  for  environ¬ 
ments,  which  are  more  severe  tiisii  they 
used  to  be,  are  several  ordera  of  magnitude 
more  difficult  to  achieve.  I  don't  believe  we 
have  the  time,  the  men,  or  the  money  to  be 
as  Inefficient  as  we  are.  These  are  the 
main  reasons  why  we  should  modify  and  Im¬ 
prove  our  approach." 

Dr.  Mains  also  req)onded  to  Mr.  Cordes' 
remarks.  " —  I  remember  calling  atten¬ 
tion  to  a  particular  piece  of  shipboard  gear 
not  Icmg  ago  and  commenting  that  It  waa 
poorly  designed  and  not  adequate  for  shock 
I  was  told  that  these  Items  were  on  several 
ships  and  had  not  failed  yet  On  asking 
whether  any  of  t'tem  had  received  s  shock,  I 
waa  told,  'Oh,  no;  but  none  of  them  have 
failed  yet'  If  you  are  dealgnlng  to  withstand 
combat  condltlooa  and  during  nnnrnwii^* 
condltlona  you  have  had  no  failures,  this  Is 
no  test  We  have  got  to  break  down  eome  of 
this  complacency  and  saUsfacUon  with  the 
status  quo.  The  way  to  ensure  that  our  sons 
have  a  chance  of  returning  from  the  next 
scrap  is  to  build  the  stuff  right  -  now.  And 
this  dees  not  mean  'rule  of  thumb'." 

To  which  Mr.  Cordes  replied:  "May  I 
add,  for  the  record,  that  I  am  100  percent 
behind  tbo  necessity  of  your  approach.  The 
poLnt  I  am  t^lng  to  bring  oat  is  that  since 
we  fly  very  few  instruments  In  our  Qiace 
vehicles,  how  can  we  tell  If  we  have  had  a 
vibration  failure  ?  It  is  extremely  hard  to 
prove  that  we  have  had  a  vibration  failure  at 
one  point  when  we  measured  at  another.  Nor 
can  we  prove  that  we  can  save  a  lot  of  weight 
by  reducing  our  desip  criteria.  I  am  striv¬ 
ing  in  practically  the  same  direction  as  you 
are  -  to  get  the  same  sort  of  cooperation 
and  coordination  -  because  I  think  it  Is  very 
essential." 

Mr.  R.  M.  ftirt  of  ABMA  also  commented 
on  the  points  Just  raised.  He  pointed  out 
that  although  it  had  been  said  there  were  no 
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fallurei,  In  fact  this  wae  not  so.  There  had 
been  failures  and  valuable  lessons  had  been 
learned  from  them.  A  very  serious  effort 
must  be  made  to  obtain  environmental  data 
to  ensure  that  speclltcaUoos  are  raalJatic. 
At  ABIfA  attempts  are  made  to  defLne  envi¬ 
ronmental  conditlona  early  enough  to  do 
■was  good  la  the  dealp  stap.  Oftsn  'rule 
of  thumb'  appUsa  but  'thsy  try  to  apply  what 
data  thsy  can  whtn  they  cam' 


of  cumulative  fatigue  ^naage.  When  a  struc¬ 
tural  system,  probably  with  a  very  high  0, 
is  subjected  to  a  random  vlbraUon,  it  will 
respond  essentially  alnusoidally  at  its  reso¬ 
nant  frequency.  Neglecting  other  model  for 
almpUclty,  the  miidnc  link  Is  how  to  relate 
the  fattgue  from  nadom  anq^lltudas  to  a 
■Ingle  frequency  slnasoid  of  constant  anqplt- 
tude  that  would  produce  the  e^me  damap. 

The  data  here  li  incomplete  ami  Incondufive. 


Feedback  of  Information  to  the  Deiigner 

Mr.  Treadwell,  University  of  California 
Radiation  Laboratory,  brou^t  out  the  point 
tl»t  power  spectral  density  (pad)  plots, 
although  moat  useful  for  measuring  Inpt 
exciti.tlon,  seem  rather  inadequate  when 
dlacoMlng  the  reaponse  of  an  Item  with  a 
deitlp  engineer.  As  an  example,  If  a  de¬ 
signer  Is  shown  the  psd  plots  of  the  ipput 
and  of  the  rm)onse  at  calected,  possible, 
weak  points  on  a  piece  of  par,  tested  to  a 
requiremenf  of  eay  0.1  g^  per  cpa  over  a 
certain  bandwidth,  his  reaction  la  often,  "8o 
what  ?"  He  does  not  know  how  jto  relate 
these  plate  to  damap.  If  the  equipment 
sarriTed  without  damap  he  does  not  know 
how  much  he  b&d  overdeelgned.  Conversely 
if  the  piece  filled  he  does  not  know  how  much 
stronpr  hs  should  rnaks  IL  Bow  thsn  diould 
Informaudo  be  preseotsd  to  it 


Dr.  Mains  pointed  out  spin  that  the  real 
problem  here  is  that  the  damap  proceee  le 
not  yet  clearly  defined  so  that  the  question 
cannot  be  answered. 

Mr.  Kciley,  Kerley  Engineering,  felt  tint, 
from  the  itanclwint  of  a  dtMpnr,  the  pss- 
tng  on  of  data  anil  other  information  la  not 
directed  to  the  proper  places.  There  muet 
be  an  Integratlcn  of  effort  from  the  preset 
manapr  right  down  the  line.  Although  the 
designer  li  req)onsfkle  for  producing  the 
deslp-  It  if  his  Imaglaatlon  which  most 
create  it  -  he  is  ^equenUy  well  down  the 
list  for  receipt  of  technical  Isfonnatloa.  Els 
dnaa  q{U  hsve  suftlclMt  rea:pcnslbUlty  Lit  fhe 
organliation  and  'latll  he  dsse,  the  qauUty  of 
deslp  will  cooUBue  to  luffar.  Also,  those 
In  manspment  should  retain  close  contact 
with  laboratory  tasta  and  field  tests  so  that 
they  can  apprsclats  the  designer's  problems. 


mea.'Jngfol  to  the  dealp  engineer? 

Mr.  Blev'.ns  si^gpcted  testing  at  Increas- 
Ing  levels  of  pm?  to  the  pefot  of  failure.  Thle 
givee  the  designer,  <n  guner;:!  terms,  the 
kind  of  safety  factor  ht  vante  -  how  much 
above  the  specification  level  the  Item  will 
take  In  terms  of  psd. 

Mr.  Treadwell  complained  about  tofs 
answer  since,  in  pneral,  Itemri  are  not 
available  for  testing  to  destrucilon.  He 
sugpsted  several  possible  ways  for  pre¬ 
senting  the  Information.  Psd  plots,  prob¬ 
ability  iteiisify  of  peak  "g"  or  probability 
,,^strlbut!oa  of  pe^  stresses.  He  wanted  to 
^i§w  what  other  people  used  and  how  deslp- 
erscSS^PPly  ®“ch  data  to  improving  their 

deslgit^Sy^^ 

Mr.  Rewarch  Associates 

commented  that  related  to  fatigue 

could  provide  the  a  deslga 

technifiue.  The  problem  onll|F®  deslp  for 
otmbires,  using  faUpe  or  en^SI^® 
curves,  has  becjs  r/ltli  the  airersft 
lor  years.  They  lave  attempted  te  elabStSl® 
Cl),  tile  s?ff0cts  of  random  amplitudes  in 


Mr.  Taepr,  Chrysler  Coeporatioo  con¬ 
tinued  the  diecuwiioiL  He  cotnaented  but 
the  peat  bulk  of  the  deMp  of  alllthry  berd- 
ware  today  wai  done  by  'rule  of  thaab.' 
People  do  not  calculate  electronic  c-tui stiff 
aaeembly  frequenciee.  They  deeip  by  Wring 
a  pencil  and  putting  lines  on  pieces  of  paper. 
They  are  unimpressed  by  mecUications  In 
terms  of  'g'  values,  irequencles,  noise  levels 
or  any  other  description  ot  vibration.  The 
only  way  to  impress  them  is  to  pt  them  into 
tj..’  laboratory  to  work  with  the  laboratory 
peopi.'».  The  answer  then  to  Mr.  Treadwell's 
ti<.mstlon  !$  to  pt  them  in  the  lab,  test  a 
pdgt*  they  have  designed  and  when  it  falls, 
work  oui  'hree  acceptable  fixes  for  it.  This 
gives  the  do.^igrierc  a  feel  for  what  should  go 
into  a  good  deaib<»  job  c*nd  the  only  way  to 
give  it  to  them  is  to  the  teb. 

Dr.  Mains  agreed  that  urslgncrs  should 
be  exposed  to  lab  environmental  teste. 

Mr.  Yaeger  went  on  to  suggest  that  what 
deslpers  really  need  is  a  handbook  of  'nintr 
and  kinks. '  This  ia  ilie  level  of  informtvtf on 
which  they  deal  with.  This  they  can  undf^r- 
stand.  He  illustrated  bla  statement  by  an 
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example.  He  was  asked  to  give  a  io- session 
course  to  designers  on  the  work  of  the  vibra¬ 
tion  lab.  About  15  minutes  of  this  course 
was  given  over  to  a  man  from  the  structures 
branch  who  spoke  on  how  thick  panels  should 
be  and  how  you  ehould  avoid  sharp  corners. 
"Needless  to  say  this  15  minutes  was  voted 
the  most  valuable  item  on  the  course. " 

Dr.  Morrow,  STL,  went  on  to  comment  on 
the  phrase  'knowing  the  mechanism  of  fail¬ 
ure.'  "In  practice  with  equipment,  we  don't 
often  know  much  about  the  'mechanism  of 
failure',  .yrhercas  in  structural  problems  of 
airframes  we  usually  know  a  good  deal.  I 
don't  think  we  are  going  to  get  quickly  lo  the 
point  where  we  understand  all  the  niecha- 
nlsms  of  failure  in  great  detail  wi  particular 
pieces  of  apparatus.  This  is  probably  one  of 
the  main  reascms  why  we  put  so  much  empha¬ 
sis  on  tests  in  the  equipment  problem.  It  Is 
easy  to  define  what  is  meant  by  failure  in 
terms  of  the  test  results,  the  inq)ectlon  of 
the  item  afterwards,  related  to  the  'black 
box'  Reification  for  the  item.  It  is  much 
easier  to  do  this  than  to  explain  in  detail 
what  corresponds  to  failure  at  every  Interior 
point"  Dr.  Morrow  then  posed  this  question, 
"Is  not  our  interest  in  the  capability  of  com¬ 
puting  reRDses  to  vibration  often  more  re¬ 
lated  to  a  desire  to  evaluate  the  significance 
of  a  particular  test  than  to  provide  a  method 
to  be  used  by  design  engineers?" 

Dr,  Rons  replied  that  It  was  his  personal 
opinion  that  the  tendency  was  definitely  to 
attempt  to  correlate  vibration  test  remits 
wltl  design  criteria.  However,  as  yet,  there 
had  not  been  much  progress  in  this  direction 
and  he  did  not  know  of  any  case  where  sig¬ 
nificant  remits  had  been  obtained.  For  the 
time  iwing  he  would  agree  that  the  answer  to 
Dr.  Morrow's  question  was,  yes. 

Mr.  Gsdef,  Radioplane,  discussed  the 
problem  of  the  designer.  "If  any  of  us  here 
be<'.ain6  designers  and  were  given  the  task 
o!  ileaigning  to  the  mythical  lo  g,  perhaps 
we  could  design  something,  but  I  question 
whether  it  would  be  any  different  if  we  had 
been  asked  to  design  for  12  g.  Now  either 
the  10  g  design  Is  not  good  enough  for  12  g 
or  It  is  good  enough  for  12  g  and  therefore 
overdesigned  for  10  g.  There  is,  of  cour.8e, 
the  third  way  which  in  fact  the  (iesigners 
are  always  ^ving  us.  This  is  the  design 
which  is  good  for  neither  10  g  nor  12  g,  but 
wMch  we  test,  find  the  weak  points  and  then 
beef  up  locally  for  10  g  or  12  g.  Maybe 
there  is  a  lot  to  be  said  for  this  cut-and- 
try  approach,  unless  any  cf  you  here  think 


you  can  design  something  to  take  10  s  and 
not  12  g." 

Nobody  offered  lo  do  this  but  Dr,  Mains 
argued  that  excitation  times,  required  reli¬ 
ability  and  other  Information  must  be  Rei¬ 
fied  and  that  when  they  had  been,  this  could 
make  quite  a  difference  In  the  design. 

Mr.  Forkois  of  the  Naval  Research  Lab¬ 
oratory  mggssted  that  95  percent  of  the 
environmental  Information  made  available  at 
the  symposia,  etc.  was  never  used  In  the 
initial  concept  and  design  of  any  sort  of  ve¬ 
hicle.  He  went  on,  "Actually  a  missile  is  a 
concept  w.Hlcli  involves  a  certain  range,  a 
certain  paylo^.d,  and  other  requirements. 
Based  upon  these  requirements  weight  estlr 
mations  arc  made  which  ultimately  allow  a 
certain  weight  for  the  structure.  The  design 
engineer  Is  then  told  to  design  a  stnteture 
to  meet  the  general  requirements  but  which 
must  not  exceed  this  weight.  So  regardless 
of  any  other  requirements  all  he  can  do  is 
to  optimize  the  design  for  the  weight  condi- 
Uons  given.  He  does  this  by  getting  the  min¬ 
imum  stress  for  the  amount  of  material 
which  is  available.  I  don't  neind  how  iwny 
figures  you  give  him,  this  Is  the  best  that 
can  be  done."  ". . . ,  The  basic  hull  of  a 
missile  is  very  weak  and  I  am  awfully  sue- 
plciotis  of  a  structure  which  cannot  eppport 
its  own  weight.  It's  possible  that  a  source 
of  Improvement  In  the  reliability  of  missiles 
will  have  to  he  in  more  weight  being  appro¬ 
priated  for  the  structure  Itself.  If  this  is 
done  msybe  we  can  get  seme  different  kinds 
of  simulation  which  nsay  not  be  as  severe  as 
the  ones  we  are  contending  with  at  the  pres¬ 
ent  time." 


Standardization  of  Data  Presentation 

Mr.  01es(m  of  the  Naval  Research  Labo¬ 
ratory  raised  the  questlcm  of  what  we  mean 
by  staTidardizatiou  of  daia  presentation  and 
analysis  techniques.  He  suggested  we  may 
be  going  beyond  what  we  are  tecimlcally  ca¬ 
pable  of  understanding.  He  posed  the  ques¬ 
tion,  "What  does  the  panel  mgan  by  standard¬ 
ization  and  how  far  do  they  prRtce  to  try 
and  push  it  now  ?" 

Mr.  Kennard  replied,  "I  agree  that  it  Is  a 
pretty  big  order  to  standardize  on  data  anal¬ 
ysis  and  prefientaticn.  That  is  why  I  said 
earlier  that  I  don't  think  we  will  ever  achieve 
standardization  in  its  true  essence.  I  don't 
think  we  would  want  to  because  we  do  not 
want  to  restrict  our  thiiiklag  in  an  evolving 
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technology.  But  I  think  sometimes  we  lose 
sight  of  the  precepts  of  good  scientific 
methodology  —  we  consider  Instrumentation 
Infallible  or  we  consider  machines  infallible. 
You  have  a  machine  to  perform  a  frequency 
analysis  and  all  you  have  to  do  is  to  feed  the 
data  Into  It  and  the  output  That  la  your 
answer.  We  must  remember  that  the  machine 
is  only  the  process  of  our  mental  efforts  and 
that,  in  cmislderlng  the  use  and  output  of 
'T'achines,  we  must  establish  limits  and 
tolerances  and  be  very  conscious  of  these 
at  all  times.  In  doing  this  we  aren't  really 
standardlalng,  but  we  are  expressing  our 
information  in  terms  of  fundamentals  that 
can  be  used  in  a  standardized  manner." 


Analysis  of  Random  Vibration 

Mr.  R  W.  Mustaln  or  Northrop  Corpora¬ 
tion  stated  that  he  felt  that  there  has  been  a 
lot  of  power  spectral  der.slty  work  accom¬ 
plished  without  anyone  defiriing  the  rms-to- 
peak  values  and  that  possibly  a  lot  of  past 
data  may  be  wrong.  He  asked  Dr.  Morrow 
to  comment  on  this.  He  also  asked  Dr.  Allen 
Curtis  to  comment  on  why  he  is  backing 
probability  density  analyzers. 

Dr.  Curtis  respondsd  as  follows:  "I  did 
not  wlMi  to  appear. to  be  backing  one  OMthod 
of  analysis  or  another.  I  think  the  point  I 
was  trying  to  make  this  morning  was  that 
often,  when  we  analyse  data,  we  pass  the 
data  through  a  filter  whose  bandwidth  Is 
known.  We  look  at  the  output  of  the  filter 
on  a  meter  of  some  kind  which  gives  nome 
sort  of  an  average  value,  but  we  really  don't 
know  what  it  Is  the  average  of.  In  other 
words,  the  usual  methods  of  spe^'tral  analy- 
cis  do  not  provide  enough  information  to 
know  whether  you  have  a  random  function, 
a  sinusoidal  function,  a  phase-coherent  func¬ 
tion,  a  quasi  sLnusoid,  or  a  mlxturo  of  aJ.l 
these  tilings.  If  the  test  engineer  Is  going 
to  be  ;:ble  to  use  this  data,  the  data  analyst 
must,  fhirlng  the  analysis  process,  do  suffi¬ 
cient  analysis  to  determine  what  kind  of  a 
process  he  is  analyzing.  There  are  many 
ways  of  doing  tills.  My  only  point  is  that 
we  don't  do  it  often  enough.  !  don't  hack 
any  one  system.  I  am  Just  talking  about 
principles.  Let' s  really  find  out  what  kind 
of  a  signal  we  have." 

Dr.  Charles  Morrow  ol  STL  ccaiiaerited 
as  follows:  "As  Allen  Curtis  states  his 
position  now,  I  agree  with  him.  Regarding 
the  question  from  the  floor,  I  think  there 
probably  is  quite  a  bit  of  power  spectral 


density  data  taken  to  date  that  could  be  im¬ 
proved.  However,  this  Is  probably  not 
connected  with  whether  the  probability  dis¬ 
tributions  were  measured  or  not  In  many 
cases  there  hae  been  Insufficient  care  taken 
with  the  examination  of  raw  data  before  the 
power  spectral  density  analyses  were  done, 
as  Dr,  Curtis  has  been  pointing  cut.  tak¬ 
ing  the  data  there  has  bMn  insufficient  care 
with  the  bandwldths  used  aud  the  averaging 
times  used.  Now,  ae  I  think  hae  been  empba- 
ilsed  in  the  past,  one  of  the  virtues  of  the 
power  spectral  density  plot  properly  used  ie 
that  It  tends  to  make  the  result  ind^ndenl 
of  the  apjparatue  uaed  in  getting  the  power 
npectrum.  However,  this  Is  true  only  11  the 
vibration  is  random,  if  the  bandwldths  are 
narrow  enough  to  reveal  the  detailed  interest 
In  the  power  spectrum,  and  If  the  averaging 
time  is  long  enough  to  correspemd  to  the 
bandwidth  that  was  selected." 


Acoustic  Noise  Testing 

Mr.  D.  E.  Brown  of  Consolidated  Electro- 
(iynamlce  Corporation  asked  for  comments 
from  anytme  with  experience  in  the  field  of 
acountlc  noise  testing.  He  had  found  no  evi¬ 
dence  of  stnndardlaation  In  this  field.  He 
wanted  to  hear  about  the  reasons  lor  noise 
testing  and  something  about  the  effect  of  the 
type  of  chamber  and  the  type  of  excitation 
iqKXi  the  final  results  of  tte  test. 

Comments  on  acoustic  testing  were  made 
by  Mr.  R  W.  Mustaln  of  Northrqp  Corpora  ¬ 
tion,  Mr.  W.  D.  Trotter  of  Boeing  Airplane 
Company  and  Mr.  G.  S.  November,  General 
Electric,  Lynn,  Massachusetts. 

Mr.  Mustaln  said,  "On  the  Shark  missile 
Uie  regular  qualification  program  included 
the  usual  vibration  testa  such  as  resonance, 
flight  cycle  and  a  launch  test  which  was  fairly 
severe.  In  addition,  after  the  sinusoidal  vi¬ 
bration  testing,  we  decided  to  investigate  the 
acoustic  effects  on  the  equipment.  had 
previously  qualified  something  like  200  com¬ 
ponents  by  vibration  testing  and  we  now  se¬ 
lected  20  and  tested  them  acoustically.  For 
flight  simulation  testing  we  used  a  speaker 
nystem  (130  db  overall)  and  to  simulate  the 
launch  phase  we  used  pulse  jets  which  gave 
150  "b.  I  thiiiik  the  typs  of  facility  must  de¬ 
pend  on  what  you  are  testing,  electronic 
equipment,  etractures,  or  something  else." 
As  an  example,  Mr.  MustaLt  said  they  had 
had  panel  failures  on  a  ti'ainer.  To  test  the 
panels  high-pressure  air  was  supplied  to  a  ' 
modulator  consisting  of  an  orifice  plate  with 


numerous  holes  In  It,  driven  by  an  MB  C5 
shaker.  This  gave  random  signals  similar 
to  those  obtained  on  an  airplane.  This  par¬ 
ticular  problem  was  cleared  up  satisfacto¬ 
rily  but  it  was  hard  to  specify  a  particular 
testing  fkcillty. 

Mr.  Trotter  spake  of  an  iidsrsctlng  de¬ 
velopment,  a  small  air  beU  which  generates 
high  acoostlc  levels.  They  are  being  con¬ 
sidered  for  generating  hi|^  acoustic  levels 
in  a  Jacket  around  a  mlaailc  section.  In  this 
way  it  is  felt  that  the  actual  launch  excltatioo 
can  be  simulated  as  accurately  as  it  has 
ever  been  done. 

Mr.  Novembor  said  he  had  done  acoustic 
evaluktlon  of  Jet  engines  which  ml^t  be  of 
Interest  since  the  same  things  can  happen  on 
missiles.  "In  these  examples  you  have  organ 
pipes  which  are  excellent  sources  of  excits- 
tlon.  The  problem  Is  ths.t  the  freguencles 
are  alwaya  changing  with  loud  coiidition  and 
with  time.  So  If  there  ii  a  mechanical,  reso¬ 
nance  Just  changing  due  to  a  part  becoming 
looee,  or  becauoe  of  a  temperature  change, 
snd  ttere  li  also  acoustic  excitation,  you 
may  test  one  day  and  evsr]rthiBg  works  well. 
Tnen  the  next  ^y  you  have  a  great  big  fire. 
What  hai  happened  la  that  the  resonance 
frequencies  and  the  acoustic  frequencies 
have  corns  together," 


Comments  of  General  Interest 

Or.  Charles  Morrow  of  STL  commented 
that  there  la  ■  great  tendency  to  bring  up 
problems  la  coanectlao  with  random  vibra¬ 
tion  and  Infer  that  they  are  new,  when  they 
have  been  with  ue  for  oome  time.  It  im- 
preesed  him  a  great  deal  the  number  of 
people  who  ask,  "How  can  you  compute  a 
respontM  to  a  random  vibrtUoo?"  when  they 
have  no  Intention  of  doing  lo  and  wouldn't  do 
so  for  the  periodic  case  either.  Probably 
tome  of  the  Interest  in  safety  margipfi 
toucuBP  Oil  a  siimlar  problem. 

Mr.  John  Salter  of  the  Armament  Research 
and  Development  Establishment,  Fort  Hal¬ 
stead,  England  made  the  following  comments: 
"Back  home  we  have  been  bedeviled  by  two 
problems;  the  geaerallxed  specification  and 
the  ccsunittees  which  produce  these  speclfi- 
cations.  1  was  quite  shattered  to  hear  earUer 
In  this  session  that  you  proposed  to  follow  us 
Into  that  morass, 

I  do  really  ask  you  to  lode  back  cm  your 
previous  experience.  Let's  start  with  the 


committee  that  writer  the  deification. 
Every  sstabiishment,  as  a  ni/itt(;r  of  pride, 
has  to  have  a  representatiire  on  it  The  re¬ 
sult  is  that  the  sise  of  the  committee  Is 
already  well  into  the  fourth  Parkinson  area, 
where  It  Is  self  propegatlng.  in  general, 
there  are  two  members  of  the  committee 
who  have  pet  idese.  One  is  all  in  favor  of 
qiectral  densities  and  a  fsw  othsr  technical 
terms  and  the  other  Is  in  favor  of  simple 
■inuBoide.  The  meeting  etarta,  goes  on  for 
a  hot  two  hours  with  arguments  between 
these  two,  and  at  the  end  of  the  day  the  sec¬ 
retary  goes  away  and  writes  the  apeclflca- 
tion. 

In  general  we  have  found  (hat  the  specifi¬ 
cations  which  emerge  arc  based,  roughly 
speaking,  on  the  worst  vital  statistics  which 
can  be  achisved.  Most  of  the  information  we 
use,  I’m  sorry  to  say,  originated  In  past 
years  at  this  distinguished  gathering.  By  the 
time  that  the  curves  have  been  enveloped, 
families  of  curves  have  been  rc -enveloped, 
and  factors  of  safety  have  been  added  - 
usually  a  factor  of  two  but  some  of  the  fac¬ 
tors  have  a  standard  devlatlOQ  of  about  ]-l/2 
-  we  have  found  in  England  tlmt  we  ha?? 
ended  up  with  power  requirements  to  ahwkf 
quite  moderate  articles  of  hardware  which 
would  need  tho  whole  resources  of  our  na- 
tlonallaed  industries.  Unfortunately  there 
is  a  real  danger  that  once  a  committee, 
officially  qxmsored  and  set  up,  has  put  some¬ 
thing  on  paper  it  then  bscomss  a  whip  for 
the  backs  of  everybody.  If  in  (l0id>t,  play  safe, 
call  for  your  generalised  qweiflcatloiL  The 
result  is  that  things  which  may  be  given 
quite  a  hai)py  ride  on  a  missile  are  treated 
as  if  they  were  going  to  be  faetened  on  the 
tall  of  the  Jet  itself.  It  really  does  lead  to 
nonsenses. " 

The  following  comments  were  sent  in 
after  the  sessloo  by  Mr.  K.  Kuoppamakl, 
Lockheed,  Sunnyvale:  Ibe  reduced  weight 
Mr,  Forkois  referred  to  is  an  interesting 
subject.  (They  tell  us  that  an  agent  for  a 
foreign  power  staring  at  Washington  Monu¬ 
ment  shouted;  "Impressive  all  right,  but 
thoy'U  never  get  It  off  the  ground.")  Redming 
weight  by  performing  an  analysis  of  vibration 
characteristics  has  an  Increased  importance 
in  missile  design,  especially  in  the  ballistic 
missiles,  compared  with  the  vibration  analy¬ 
sis  performed  earlier  on  piloted  aircraft 
The  volume  of  data  collection  is  growing  to 
new  dlmenslcms.  In  flight  testing  of  one  IRBM 
model  alone  the  number  of  vibration  channels 
is  counted  in  hundreds  and  the  analyxed 
events  are  counted  in  thousands. 
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In  addition,  the  requirements  for  expedi¬ 
ency  In  data  presentation  are  Increasing  In 
the  present-day  high-priority  projects.  This 
addn  a  fourth  one  to  the  ‘hrse  M's  Allen 
Curtis  described:  Money,  Men,  Memths  (for 
preptraUon)  and  Minutes  (for  presentaUon). 
The  answers  are  required  Immediately  after 
the  test. 

in  order  to  obtain  the  answers  in  minutes 
In  a  tlghUy  scheduled  series  of  tests  the 
preparation  for  obtaining  the  required  Infor¬ 
mation  on  shock  and  vibration  has  tu  be  di¬ 
vided  among  a  number  oi  departments  each 
one  taking  care  of  Its  own  portion  of  the 
specific  steps  Involved,  such  as:  establish¬ 
ing  the  objectives,  planning  the  measure¬ 
ments,  designing  the  circuits.  Implementing 
the  Instrumentation  and  determining  the 
performance  characterlotics  of  the  meas¬ 
urement  system,  getting  the  calibration  data 
for  scaling  and  corrections,  performing  the 
test,  reducing  and  present!^  the  data,  run¬ 
ning  the  analysis  (rf  the  measurements, 
writing  the  reports  for  presentation  of  the 
conclusions  drawn  and  recommendations 
made,  using  the  Information  obtained  for 
the  benefit  of  the  present  design  and  to  ad¬ 
vance  systems  being  developed. 

Allen  Curtis  gave  a  clear -cut  picture  of 
the  integrated  effort  necessary  tn  managing 
the  continuous  flow  of  "the  game"  involved 
in  making  large-scale  vibration  measure¬ 
ments.  In  management  of  a  hlgfa-prlorlty 
project  the  ball  cannot  be  carried  success" 
hilly  from  Individual  to  individual  within 
one  department  and  further  from  department 
to  department  without  established  rules  of 
the  game. 

In  preparing  the  rules  lor  the  game  two 
categories  of  measurements  are  considered: 
first,  determination  of  the  overall  system 
characteristics  obtained  by  the  integrated 
departuicutsllaed  effort  listed  above;  second, 
the  special  projects  which  have  to  be  steam¬ 
rollered  through  or  around  the  departmental 
systems  as  a  mss-shot  deal.  It  is  advisable 
to  start  prspj.ring  thg  ruiwr  (or  the  first 
category  of  meatiuremeats  as  an  integrated 
effort.  Onr,  Imp'ortant  step  In  standardized 
procedure  has  already  been  taken  at  Lock¬ 
heed:  the  overall  system  characteristics 
have  been  determined  by  csacentrating  the 
measurements  so  as  to  hidicate  the  response 
of  the  primary  structure  at  Indicated  points 
and  In  indicated  directions.  A  second  step 
towards  standardized  procedure  is  being 
taken  in  the  area  of  data  reduction;  (a)  the 
response  of  the  primary  structure  Is  being 


presented  In  the  form  of  shock  spectra,  in¬ 
dicating  tlie  zero  to  peak  amplitudes  In  the 
frequency  ranges  of  Interest  with  specific 
clamping  ratios;  (b)  the  ttapooMe  to  station¬ 
ary  Inputs  is  being  measured  by  the  root- 
mean-square  value  of  the  vlbratloo  ampUtads 
taken  with  a  q>eclflc  averagieg  time;  (c)  the 
frequency  chsncteristlcs  of  s  ^Mclflc 
in’^rval  of  the  rms  value  Is  be  inf  presented 
in  form  c!  a  power  spectral  density  plot 

In  establishing  the  above  starting  points 
for  the  ground  rules  of  the  ball  game  the 
continuing  taMc  of  the  Integrated  departmen¬ 
tal  effort  consists  of  assur.ing  that  the  meas¬ 
ured  values  have  the  same  mesnlag  In 
expressing  the  expected  variability  In  the 
frequency  levels  and  vibration  amplitudes. 
Information  of  this  variability  is  being  deter¬ 
mined  among  the  various  vehicles  of  the 
■ame  model.  Attempts  are  also  being  made 
to  determine  the  variability  between  different 
models  of  the  same  weapon  system  as  well 
as  models  from  different  weapons  systems 
of  the  same  general  category. 

Two  papers,  presented  this  morning,  are 
oi  significant  nation-wlds  Importancs  from 
the  stan<|i)olnt  ox  standardised  data  hand  tn,; 
techniques.  The  paper  of  Atchison*  shows 
possibilities  of  stu^rdlssd  techniques  In 
the  presentstlOD  of  shock  qpsetra.  The  paper 
of  Brownt  tndlcatss  that  heixUng  of  vibration 
c'ata  Is  also  approaching  a  new  era  of  stand- 
ardlsatlcc.  ^se  papers  emphasised  the 
use  of  digital  conoputer  facilities.  These 
facilities  have  hl^  potentials  for  Improving 
the  resolution  characteristics  and  rapidity 
of  data  presentation  and  for  expemiing  the 
usefulness  of  the  presented  data  in  the  ana¬ 
lyzing  eJIort 

Once  the  data  Is  in  dlgltaj'  form  a  wide 
variety  of  computations  are  irithin  easy 
reach  and  fast  access.  The  main  portion  of 
calibration  data  is  available  prior  to  flight 
Intelligence  for  correctlcms  in  respect  to 
mount  resonances,  transducer  response 
characteristics  and  distortion  of  the  trans¬ 
mitted  signal  can  be  processed  before  the 
flight  to  b€i  ready  for  computer  use.  This 
reduces  the  time  necessary  in  processing 
the  intelll(fence  for  corrections  for  system 
noise  and  lor  effects  of  teiapcratiitre  and 
altitude  (m  measurements  made  during  the 
fii^t.  Once  tl^  intelligence  for  corrective 
computations  Is  in  the  computer  then  the 


*Ref.  to  position  in  Bulletin. 
TRef.  to  position  in  Bulletin. 
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measured  data  bi  corrected  form  become 
available  In  only  minutes  of  time. 

Because  of  the  expense  of  preparing 
computer  programs,  the  use  of  digital  com¬ 
puters  makes  It  mandatory  to  standardise 
the  techniques  cf  measurements  and  methods 
of  analysis.  Programs  for  the  use  of  Fourier 
Integralb  and  autocorrelation  function  have 
already  been  adopted  ae  standard  routines. 

It  can  be  predicted  that  the  possibility  of 
correlation  of  data  for  elimination  of  biased 
errors  for  increasing  the  statistical  signifi¬ 
cance  of  the  measurements  made  by  using 
digital  computer  routines  will  lead  towards 
uniform  techniques  employed  by  the  various 
projects  within  one  company  as  well  as 
wlti^  the  missile  and  quice  programs  na¬ 
tion  wide.  It  can  be  stated  that  contacts 
made  at  the  DOD  Shock  and  Vibration  Sym¬ 
posia  will  have  an  important  role  in  getting 
techniques  formulated  for  uniform  presen¬ 
tation  of  shock  and  vibration  data. 


SUMMARY  OF  PAKEL  SESSION 
AND  DISCUSSION 

Dr.  Vigness 

Dr.  ^Ins:  At  this  stage  I  would  Hire  to 
call  on  br.  Vigness  to  summarize  briefly 
for  us  his  reactions  to  this  afternoon's 
session. 

Dr.  Vigness :  When  one  summarizes 
something  It  is  difficult  to  keep  from  liiject- 
ing  ones  own  (pinions,  so  I  expect  you  will 
find  some  personal  bias  In  what  I  am  going 
to  say. 

I  will  not  try  to  cover  the  individual  pan- 
elioUi'  presentations,  but  I  wiU  say  a  word 
abcut  the  10-g  specification.  Of  course  It 
was  a  gag,  but  quite  a  sensible  gag  at  that, 
because  in  almost  all  our  specifications  and 
our  talking  we  say,  rather  glibly,  "How  many 
g  is  it?"  This  is  only  permissible  provided 
something  is  implied  about  the  waveform 
ajid  the  iljae  lynctlon  of  that  g.  E  this  isn't 
understood  by  the  person  to  whom  you  are 
talking  then  10  g  will  make  no  sense  to  him 
End  he  V7ill  be  unable  to  proceed  with  a 
desi^  E  you  have  a  sinusoid  of  10  g  ampli¬ 
tude  at  a  certain  frequency  and  you  are  going 
to  design  a  system  which  might  be  resonant 
at  that  frequency,  you  have  one  problem. 

E  the  10  g  is  an  equivalent  static  accelera¬ 
tion  you  have  another.  E  the  10  g  is  the 
maximum  value  of  a  pulse  you  have  a  third; 


and  there  are  many  others.  1  have  eight  or 
nine  points  I  will  try  to  cover.  They  are  not 
necessarily  in  a  hi^cal  order,  but  simply  in 
the  order  I  wrote  them  down. 

My  first  point  ii  compartmentaliution. 
Pre furntbly  this  is  bad  bscause,  ii  you  are 
In  a  compertmoBt,  you  don't  know  wl»t  other 
people  are  doing,  and  U  you  don't  know  whet 
the  otheri  ere  doing  you  may  not  be  able  to 
do  your  own  jch  properly.  However,  eome 
compartmenfailliation  may  be  necesiary  and 
good.  One  person  can  learn,  only  no  much. 

E  the  person  performing  tents  ie  required 
also  to  know  all  about  the  field  shock  condl- 
tlona,  the  methoda  of  shock  analysis,  sed 
how  the  qmcificationa  are  written,  then  he 
won't  have  any  time  to  do  his  teste.  He  can 
be  an  expert  of  good  competence  In  only  one 
particular  phase  of  the  whole  problem.  I 
believe  a  degree  of  compartmentatioo  is 
necessary  so  that  a  man  can  find  time  to  be¬ 
come  an  expert  in  a  particular  area.  How¬ 
ever,  a  good  smattoring  of  knowledge  in 
other  areas  is  necessary  so  that  his  qisclal 
knowledge  can  be  dovetailed  into  the  general 
pr(d>lem. 

In  Mr.  Forkols'  group  at  our  Laboratory 
we  have  a  method  of  getting  people  out  of 
their  compartFients  and  improving  their 
educatloD.  Working  for  the  Government 
under  a  rigid  celling,  in  our  particular  acEv- 
ity,  we  .lon't  have  many  people  to  help  oa  do 
a  job.  So  when  someone  asks  us  to  do  a 
shock  or  vibration  test  we  say,  "Certaimy, 
but  come  down  yourselves.  We  will  provide 
the  machines  and  tell  you  what  to  do,  but  you 
must  come  down  and  help."  In  this  way  we 
get  the  designers,  the  people  who  built  the 
apparatus  and  the  project  engineers  from 
the  Bureaus  who  are  reqjonsible  for  the 
contracts.  We  see  to  it  that  the  test  is  prop¬ 
erly  performed.  We  find  out  what  goes  wrong 
and  we  write  up  the  test  The  visttors  see 
what  happens  when  their  equipment  is  tested. 
They  are  'broken  out  of  their  compartment' 
and  are  shown  an  adjoining  area,  a  knowledge 
of  which  is  very  necessary  lor  the  most 
eEecuve  performance  In  their  own  area.  I 
suggest  this  can  be  done  anywhere. 

To  get  back  to  the  summary.  Another 
point  is  crosB-fortllization  of  which  the  aboVe 
is  one  example.  Let  the  persons  associated 
with  a  piece  of  equipment  In  one  phase  of  a 
project  experience  what  is  going  on  with 
their  equipment  in  other  phases  of  the  proj¬ 
ect,  but  don't  require  that  these  individuals 
learn  and  become  expert  in  all  phases. 

When  you  are  a  designer  you  are  designing 
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primarily  to  a  Bpecification,  and  that  rei¬ 
fication  is  the  law.  It's  what  your  equipment 
is  going  to  have  to  withstand.  It's  not  the 
field  conditions  that  you  should  be  worried 
about.  Somebody,  presumably  very  highly 
qualified,  hae  written  the  specifications  and 
most  of  them,  even  those  which  come  in  for 
most  adverse  comment  here,  have  some  good 
points  in  them.  The  designer,  normally, 
might  better  q>ei><i  his  time  improving  his 
design  so  that  it  will  pass  specifications, 
rather  than  trying  to  find  reasons  for  ciumg- 
ing  the  ^ecificatlons.  Of  cotU'se  some  ex¬ 
ceptions  to  this  rule  may  exist 

S^cificatlons  are  usually  written  for 
very  general  conditions  and  you  may  find 
when  you  apply  them  to  a  particular  test 
that  they  do  not  provide  detailed  information 
as  to  how  to  perform  the  test.  The  test  en¬ 
gineer  must  then  use  a  little  Judgment  If  he 
is  not  permitted  to  exercise  the  required 
responsibility  he  must  go  to  the  project  engi¬ 
neer  responsible  for  the  test  and  find  out 
what  he  should  do.  As  an  example,  let  us 
take  the  question  that  was  asked  earlier. 
Where  do  yon  measure  this  10  g?  You  have 
a  qMclficatloa  calling  for  this  level.  You 
have  your  piece  on  the  vibration  table  and 
you  measure  three  different  levels  at  three 
different  points.  Often  It  Is  impossible  to 
have  only  one  level.  At  one  meeting  a  de¬ 
scription  was  given  of  a  plate,  s  feet  long, 
that  waa  pushed  on  a  lUnpery  table  by  a  vl- 
bratloc  machine  at  about  1000  cpa.  Meas¬ 
urements  at  each  end  of  the  plate  gave  a 
certain  value  of  amplitude  at  1000  cpe.  They 
did  not  aay  what  they  measured  in-between, 
but  with  those  dimensions  and  a  f^ed  cf 
sound  in  the  plate  of  around  10,000  fpe,  you 
will  find  the  natural  frequency  of  the  plate 
in  compression  to  be  about  1000  q2s.  Prt^- 
ably  the  middle  of  the  plate  was  standing 
still  while  approximately  the  same  measure - 
meats  were  nade  at  either  end. 

We  have  conditions  like  that  to  a  lesser 
degree  In  a  great  many  of  our  vibration 
tests.  We  may  have  the  bottom  csf  a  certain 
piece  of  equipment  going  at  a  certain  ampli¬ 
tude  while  the  top  bulkhead  mounts,  perhaps 
6  feet  away,  are  going  at  different  amplitudes. 
Yet  ail  the  specixlcatlon  says  is  oO  mils 
double  amplitude  over  a  certain  frequency 
range.  Clearly  something  must  be  done 
about  the  ini'^rpretaiion  of  the  qiecificatlcn. 
Something  m  jcii  be  worked  out  between  the 
persons  doing  the  test  and  the  persons  who 
are  responoible  for  the  writing  of  the  Efpeci- 
fications  for  the  particular  piece  of  equip¬ 
ment.  Ttiis  must  also  be  understood  all 


people  involved  so  that  attempts  are  not 
ma^  to  do  the  Impossible.  In  the  El  Paso 
meeting*  in  the  seminar  on  Jigs  and  flxturor 
we  heard  about  attempts  to  do  this.  The  fix¬ 
tures  got  bigger  and  Ugger,  yet  they  were 
still  getting  rocking  modes  and  other  modes 
of  unwanted  vibration. 

My  next  point  is  standardliatlob.  Workers 
In  research  Itboratorles  are  very  eeMltlve 
on  this  point  They  don't  like  to  have  stasd- 
arda  which  tell  them  Umt  they  must  do  some¬ 
thing  a  certain  way  or  preMBt  their  findiagi 
in  a  particular  macssr.  Thia  li  quite  natu¬ 
ral,  However,  when  ihingi  are  ai^iJai'dlsed 
it  Is  done  lor  the  convenience  of  everybot^. 

If,  for  ipjiance,  we  were  to  standardise  the 
presentation  of  shock  spectra  at  various 
values  of  damping -we  might  standardize 
spectra  at  the  equivalent  of  zero  damping, 
at  2  percent  critiind  and  at  10  percent  criti¬ 
cal,  etc.  One  would  then  have  lass  troid)le 
comparing  the  works  of  dlflereat  group*. 
There  are  many  aspects  of  our  wort  which 
need  this  form  of  standardization.  Standards 
In  this  area  are  not  generally  compulsory. 
They  are  primarily  mggsstloQc  as  to  a  con- 
moc  method  of  performance  or  presealattoa. 

If  there  are  reasons  to  do  things  In  snothsr 
way,  they  can  be  done  In  another  way.  Stand¬ 
ard  are  suggested  ways  of  ddng  things  so 
as  to  be  in  line  with  other  people  doing  the 
seme  things.  Common  nssMSclnturs,  a  aba- 
liar  manner  for  prsientntlon  of  curvOs,  the 
same  general  techniques,  provide  common 
means  of  compariunn  which  makes  under¬ 
standing  much  easier. 

The  fourth  point  I  have  it  this;  before 
measurements  are  made  souieibing  should 
be  known  about  the  purpose  for  which  they 
are  being  made.  Perhaps  the  main  reason 
why  most  measurements  which  are  made 
tuni  oqt  not  to  be  useful  to  those  who  look 
them  up  later  is  that  tbo  originator  of  the 
measurements  made  them  for  a  i^clfic  pur¬ 
pose.  Since  that  purpose  Is  not  the  nme  os 
the  purpose  for  which  the  new  individuals 
want  the  (hita,  it  Is  then  said  that  the  data 
Isn't  any  good  since  it  does  not  give  the  In¬ 
formation  sought  But  that  does  not  mean 
that  the  measurements  wde  not  any  good  to 
begin  with.  It  is  often  said  that  there  are 
volumes  of  measurements  in  the  literature 
that  are  of  no  use.  It  is  quite  probable  that 
they  we^’e  useful  for  ths  person  who  made 
them  becjiuse  he  made  them  for  a  ^yific 
purpose,  but  to  others  they  may  be  uselsss. 
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However,  I  believe  we  should  have  more 
guidance  and  a  better  Idea  as  to  why  we 
make  measurements  and  what  we  are  going 
to  do  with  them.  If  we  are  going  to  analyee 
tilings  a  certain  way  then  we  ought  to  make 
measurements  of  a  certain  kind.  We  should 
know  where  we  are  to  make  the  measure¬ 
ments.  If  we  mako  measurements  on  a  piece 
of  equipment,  the  inforuuillon  may  be  useful 
for  a  iwrtlcular  user  of  that  equipment  but  tt 
probnhly  won't  be  useful  to  anyone  else. 
However,  if  we  make  our  measurements  on 
main  structural  members  (rf  ships  or  mis¬ 
siles  those  measurements  will  generally  be 
useful  to  a  large  number  of  individuals. 

That  is  provided  the  information  covers  a 
broad  frequency  range  and  the  data  can  be 
trusted. 

My  fifth  point  was  to  have  been  the  dam¬ 
age  process,  what  it  is  and  how  to  design  for 
it  in  tet  nns  d  environment,  but  it  le  late,  so 
I  must  leave  it  out 

Lately  we  have  been  quite  concerned  with 
mechanical  impedance.  If  measurements  are 
nude  at  a  certain  location,  the  measurement 
will  have  greater  significance  if  the  mechani¬ 
cal  characteristics  of  the  load  and  the  struc  ¬ 
ture  are  known  at  that  point  If  these  charac¬ 
teristics  are  the  mechanical  impedance  then 
it  would  be  desirable  to  know  the  Impedance 
at  that  point  as  ws  look  into  the  structure, 
end  the  impedance  of  an  equipment  that  might 
be  mounted  there,  then  any  measurements  we 
make  at  that  point  will  be  useable  under  any 
conditions.  However,  in  my  opinion,  this 
approach  is  at  the  present  time  something 
to  be  worked  toward.  Currently  we  must  rely 
on  available  statistics.  Althou^  I  hope  for 
sufficient  scientific  ability  to  get  the  imped¬ 
ance  measurements  and  to  use  them,  I  think 
the  prcblsm  is  enormous  and  that  it  will  be 
five  or  ten  years  hence  before  we  are  using 


impedince  measurements  together  with  field 
measurements  on  a  statlstici!  basis. 

My  final  points  concern  the  iinalyses  o! 
vibration  and  sho<dL  If  the  source  of  an  ex¬ 
citation  Is  periodic  then  the  vibration  will 
be  perioihc.  The  comnaca  way  of  analyi Ing 
that  Is  by  Pourlei.'  or  slut  spectrum  tnalysls. 
If,  however,  the  vibration  is  more  compli¬ 
cated  the  common  way  of  doing  it  is  by  qwe- 
tral  uiosity  curves  or  power  spectra.  If 
there  Is  a  condnaitKm  of  random  vibration 
and  slDusoldi  It  would  probably  bs  preierabls 
to  uas  spectral  density  curves  for  the  wbols 
thing.  SiQuMids  can  readily  bs  seperated 
from  narrow  baud  random  rtbratfoas  by  look¬ 
ing  at  their  amplitude  probability  density 
curve  1. 


Shock  ipeclilcations  are  frequently  given 
in  terms  of  shock  qioctra.  When  this  is 
done  It  Is  dostrabls  to  give.  In  addition,  eome 
shock  motions  that  are  equivalent  to  the 
shock  qwetra.  Then  sitKsr  ths  motion  rep¬ 
resentation  or  the  shock  qwetra  may  be 
used  lor  design  calculations  or  tests.  It  is 
pnsrally  quite  simple  for  the  speetftcatlon 
writer  to  provide  this  extra  information. 

At  a  final  point  I  might  remark  that  al¬ 
though  many  think  that  shock  spectra  are 
used  prluMudly  by  deidgwrs,  setually  they 
have  been  least  need  by  deslgnere.  They 
have  been  used  to  a  much  greater  extent  by 
those  wlio  wish  to  make  et^  machines  du¬ 
plicate  a  given  field  condition  of  shock.  Ibe 
qiectra  have  been  need  to  compare  the  inten¬ 
sities  of  the  machine  shocks  with  either 
specified  shock  spectra  values  or  with  n 
shock  spectrutn  rvhlch  has  been  tvken  .hb  an 
average  value  for  some  field  ccmditlcn.  fb 
^ock  spectra  are  used  primarily  to  com¬ 
pare  shock  intensitiss. 
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MITTlE-FHACr:  hi  TPIANSITION  OF  SOME 
CONCRETE  REINFORCING  STEELS 


All*n  L,  T«rr 

Office  Chief  of  Retearch  ud  Development 
Army  Reieerch  Office 


INTR<»UCriON 

CatMtrc^hlc  "brItUe-fricture"  service 
f&llurea  have  ot'curred  in  structures  made 
from  steels  which  uere  considered  to  be 
ductile  as  judged  by  the  results  of  tensile 
tests.  Many  of  these  failures  occurred  with 
extreme  suddeness,  without  any  noticeable 
deformation  and  under  conditions  where  the 
nominal  stress  was  at  very  low  values,  well 
below  the  ]rleld  strength  v^es  determined 
by  tensile  tests. 

Another  feature  of  these  failures  is  that 
they  occurred  at  temperatures  which  were 
in  or  below  the  range  of  temperatures  where 
notch.‘bar  impact  tests  show  a  marked  de¬ 
crease  in  energy-absorbing  capacity  and  the 
nature  of  frairture  changes  from  ductile,  with 
a  large  proportion  of  shear  failure  and  con¬ 
siderable  deformation;  to  brittle,  with  frac¬ 
ture  largely  of  the  cleavage  type  accompanied 
by  little  or  (!o  noticeable  deformation.  De¬ 
tailed  studies  have  indicated  that  lew-strength 
catastrophic  failures  appear  to  be  the  result 
of  a  smail  notch,  crack  or  other  defect,  com¬ 
bined  with  the  pretence  of  unfavorable  residual 
stress,  a  sufficiently  low  temperature,  and  a 
certain  minimum  level  of  load  stress. 

To  avoid  brittle  fractuvs,  -or  at,  least  min¬ 
imise  prcbei'tiUty  of  such,  hi  ships  and  pres¬ 
sure  vessels  steps  are  now  beiiig  taken  to 
limiting  the  operating  tempcjrature  relative 
to  the  transition  temperature  of  the  steel 
used,  limiting  residual  stress,  limiting  load 
stress,  or  limiting  defect  size.  However, 
there  is  little  or  no  Lndication  that  such 


practices  have  been  given  any  consideration 
for  "blast  resietant"  protective  structures 
or  any  other  type  of  reinforced  concrete 
structures.  Tlwre  is  apparently  no  report 
on  ihe  e7?luaUoi)  of  the  resistance  of  such 
structures  at  bw-atmoepherlc  temperatures. 
This  appears  to  be  a  seriews  oversight  when 
it  is  realised  that  the  transition  range  of 
steels  used  for  reii\forcing  steel  bars  may 
be  expected  to  lie  iu  the  range  of  ordinary 
atmospheric  temperatures  and  that  the  de¬ 
formations  on  the  surface  of  reinforcing  bars 
along  with  other  IrreiularlUes  may  provide 
numerous  locations  fo.r  the  Initiation  of 
cracks  which  could  propagate  into  cata¬ 
strophic  failures. 

The  recent  disastrous  failure  of  the 
Malpaaset  Dam  in  France  may  possibly  be 
attributed  to  brittle  failure  of  the  reinforc¬ 
ing  steel.  It  may  be  anticipated  now  that  the 
application  of  newer  methods  oi  structural 
design,  referred  to  as  "limit  design,"  where¬ 
in  the  ultimate  load  can  only  be  realized  if 
the  members  can  undergo  plastic  deforma¬ 
tions,  will  be  accompanied  by  an  outbreak 
of  catastrophic  failures  In  structures  unless 
special  attention  Is  paid  to  tlie  selection  of 
reinforcing  Steels.  Steels  of  suitable  low 
temperature  nctch  toughness  are  not  likely 
to  be  furnished  under  specifications  which 
are  normally  used  in  the  United  States. 

To  emphasize  the  need  for  concern  about 
.such  steels  brittle  fracture  data  on  seven 
reinforcing  steels  is  presented  In  this  paper. 
Judging  frora  the  negative  results  of  solicita¬ 
tion  for  such  data,  this  brittle-fracture 
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traiiflltlon  daU  may  be  the  first  of  Its  kind 
on  concrete  reinforcing  steels. 


STEELS  STUDIED 

Reinforcing  bars  are  classified  in  the 
United  States  as  structural,  intermediate,  or 
as  hard  grade.  The  separation  of  grades,  in 
the  commonly  used  ASTM  speciflcciion  A15, 
is  made  on  the  basis  at  strength  require¬ 
ments  with  yield  strength  limits  set  at  33,000, 
40,000  and  90,000  psl,  respectively.  Two 
other  ASTM  specifications,  A431-58T  and 
A433-59T,  I‘ave  minimum  yield  strength  re¬ 
quirements  (ji  75,000  psi  and  60,000  psl,  re¬ 
spectively.  In  the  United  States,  steels  hav¬ 
ing  up  to  about  0.30-percent  carbon  are  found 
in  the  structural  grade.  The  intermediate 
grades  may  run  to  about  0.50-pcrcent  carbon. 
The  hard  grades  usually  have  more  than  0.50- 
percent  carbon.  In  Europe  strength  may  re¬ 
sult  from  cold  working  by  stretching  or 
twisting  or  by  using  much  higher  mangfinese 
content  Uan  is  normally  used  in  me  United 
States.  (The  USSR  specifies  a  low  alloy  open 
hearth  steel  for  ribbed,  i.e.,  deformed,  con¬ 
crete  reinforcing  bars  with  a  yield  polrd  of 
56,S00  psl  minimum.  The  specified  cempo- 
sition  is  0.20-  to  0.26-percent  carbon,  1.2- 
to  1.8-percent  manganese,  0.6-  to  0.6-  percent 
silicon,  with  sulphur  and  phosphorous  not 
above  0.05  percent.)  In  aUltlon  to  the  pri¬ 
mary  steel  production  sources  of  open  hearth, 
acid  hessemer,  basic  oxygen,  and  electric 
furnace,  secondary  sources  such  as  rerolled 
rail  steel  and  reroUed  axle  steel  are  per¬ 
mitted  by  some  specificailonB  in  the  United 
Staten.  The  most  commonly  used  bars  are 
in  the  intermediate  grade. 

The  lelnlorcuig  uAi’s  u.sed  for  obtaining 
the  data  for  this  paper  represents  the  prod¬ 
ucts  of  several  steel  producers.  Both  hot- 
rolled  and  cold-worked  bars  are  included. 

The  compositions  and  strength  levels  cover 
a  wide  range,  and  most  of  the  bars  tested 
were  of  the  very  commonly  used  No.  7  size. 
The  bars  are  Identified  only  as  indicated  in 
the  table  of  results  given  herein. 


RESULTS  OF  TESTS 

The  tabulation  of  results  of  tests  presents 
chemical  analyses  erf  the  seven  steels,  the 


results  ot  tensile  tests,  and  some  of  the  re 
suits  of  Charpy  V-notch  bar  impact  tests. 


D]8CU881C»J 

Examination  of  the  results  of  teats  reveals 
that  under  the  conditions  of  the  Charpy  V- 
notch  bar  impact  test,  some  of  the  steels 
tested  are  very  brittle  at  room  temperature. 
The  I'old-worked  and  stress- relieved  steels 
(07  and  W7,  respectively)  sre  very  brittle 
at  tempera^res  well  above  ordinary  atmo¬ 
spheric  ranges.  Charpy  V-notch  tests  are  a 
means  of  checking  relative  embrittlement 
properties  of  materials  but  no  claim  Is  made 
here  that  there  is  any  simple  or  direct  rela¬ 
tionship  of  the  results  of  such  tests  and  ac¬ 
tion  of  the  material  h  specific  structural 
situations.  However,  In  view  of  the  proba¬ 
bility  that  there  will  be  Increased  use  of 
structural  reinforced  concrete  in  cold  areas 
and  in  new  designs  for  which  there  is  limited 
experience,  the  alarming  decrease  In  re¬ 
sistance  ot  Charpy  samples  with  decrease  In 
temperature  suggests  that  It  will  be  prudent 
to  give  borne  careful  attention  to  the  evalua¬ 
tion  of  the  performance  of  steels  in  reinforced 
concrete  structures  Intended  for  use  in  low 
temperature  service.  The  speclflcatlwi  by 
the  USSR  of  a  low  alloy  steel  which  esn  have 
excellent  low-temperature  touglaMSS  sug- 
gesU  that  the  Soviets  have  already  made 
such  an  evaluation. 


CONCLUSION 

The  results  of  limited  tests  reveal  that 
reinforcing  steel  likely  to  be  furnished  to 
npeciflcations  now  used  In  the  United  States 
can  be  expected  to  have  relatively  high  duc¬ 
tile  to  brittle  transition  temperatures  as 
Judged  by  Charpy  V-notch  bar  tests.  Use  of 
such  reinforcing  steel  In  structures  subject 
to  exposure  to  cold  or  even  mild  atmospheric 
temperatures  luky  result  In  catastrophic 
brittle  failures  under  sudden  dynamic  lead¬ 
ing  or  even  with  sudden  unique  changes  of 
temperature.  Consequently,  it  will  be  pru¬ 
dent  for  those  who  are  j  esponsible  for  the 
integrity  of  protective  structurec  to  take 
steps  to  evaluate  materials  and  designs  for 
low-temperature  service  quite  thoroughly, 
particularly  for  new  design  methods.  More¬ 
over,  new  specifications  for  retoforclng 
steels  are  needed  to  provide  for  procure¬ 
ment  of  Steels  tor  low-temperature  service. 
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HfilTTLE-FTWCTURE  TRANSITION  OF  SOME  CONCRETE  REINFORCING  STEELS 


Identi  ly 
of  Steel 

temperature  of  charpy  BARS  AT  THE  TIME  OF  FRACTL'P.F 
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Note:  (.)  Velocity  of  iispoct  -  16,8  ft/eec 


MECHANICAL  PROPERTIES  OF  STEELS 


Steel  Ban 

Teniile 
Stren jth 
(p»i) 

Yield 

Strength” 

(psi) 

Elcngicion 
Percent  in 

8  inches 

"Nil-D«cliiily"‘  ] 
Tempernture  | 

(C) 

(F) 

G7 

107,100 

69,000  (1) 

16.0 

-10 

+  14 

B9 

78,000 

42.500  (1) 

16.9 

-20 

.  4 

R7 

67,000 

37,800  (1) 

26.8 

-20 

-  4 

D7 

78,400 

68,800  (2) 

29.7 

+20 

+  68 

Y7 

128,000 

90,900  (2) 

7.2 

+20 

+  68 

07 

126,500 

104,500  (2) 

8.5 

+60 

+140 

Si7 

123,900 

106,400  (2) 

8.1 

+60 

+140 

Note:  (b)  (1)  Yield  by  drop  of  beea;  (2)  Yield  by  0.2  percent  offeet. 

Note:  (c)  "Nil-Duetility"  ii  .rbitrerily  bieed  on  95  percent  brittle  frecture. 


CHEMICAL  ANALYSIS  OF  STEEI.S  (Percent) 


Steel  Bits 


G7 

B9 

R7 

B7 

Y7 

07 

W7 


0.42 

0.37 

0.33 

0,41 

0.45 

0.60 

0.60 


MN 


Si 


1.65 

0.65 

0.49 

0.33 

1,87 

0.92 

0.93 


0.24 

0.13 

0.07 

0.26 

0.09 

0.23 

0,23 


0.028 

0.035 

0.021 

0.033 

0.026 

0.026 

0.024 


Ni 


Cr 


0.024 

0.023 

0.016 

0.041 

0.024 

0.043 

0.038 


nil 


0.05 

0.06 

0.003 

0.04 

0.13 

0.05 

0.05 


Mo 


nil 


0.007 

0.007 

0.005 

0.007 

0.026 

0.008 

0.006 


ACKNOWLEDGMENTS 

Materials  tested  and  their  physical  prop¬ 
erties  were  iumishod  by  Messrs.  D.  Watstein 
and  R.  G.  Mathey,  both  of  the  Structural  En¬ 
gineering  Section  of  the  National  Bureau  of 


Standards,  Washington,  D.  C.  Chemical 
analyses  and  Charpy  Impact  test  data 
were  obtained  from  Messrs.  S.  Vigo  and 
D.  Driscoll  of  the  Watertown  Arsenal 
Laboratories,  Watertown  Arsenal,  Water- 
town,  Massachusetts. 


*  * 


275 


FREE-FiaD  EFFECTS  DUE  TO  AN  EXPLOSION  ON  THE 
SURFACE  OF  A  SEMI-INFINITE  UNEAR-ELASTIC  SOLID 


::aas  H.  Blcich, 

Consultant  to  Weidling  >  and  (  i  .  adori, 
New  York  City 


The  talk  pret.  anted  at  the  Symposium  was 
an  extract  of  results  presented  in  a  report 
entitled:  "Surrlvsblllty  cl  Air  Defense  Sys¬ 
tems,  Progress  Report  on  Ground  Shock  at 
High- Intensity  Pressure  Levels,"  October 
!95P  (Secret),  submitted  by  Guy  B.  Panero, 
Engineers,  to  the  MITRE  Corporation  (At¬ 
tention  of  Mr.  Walter  Attrllge),  Bedford, 
Massachusetts.  The  report  was  prepared 
under  subcontr.ict  by  Paul  Weldllnger,  Con¬ 
sulting  Engineer,  New  York  City,  In 


cooperation  with  a  number  of  academic 
consultants. 

In  view  of  the  fact  that  copies  of  the  re¬ 
port  are  available,  no  formal  paper  for  pub¬ 
lication  In  the  Proceedings  of  the  Symposium 
Is  submitted. 

For  readers  interested  in  the  theoretical 
background  a  list  of  unclassified  references 
utilized  follows. 
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THE  DESIGN  AND  DEVELOPMENT  OF 
A  SHOCK  RESPONSE  ANALYZER 


Abstract  of  a  paper  by 
Ward  P.  Barnea 
Boeing  Airplane  Cc.ixpany 


INTRODUCTION 

TIh  objective  of  this  paper  ta  to  describe 
the  equipment  employed  by  the  Boeing  Air¬ 
plane  Company  to  assurt'  that  the  shock  test 
requirements  of  certain  recent  research  and 
development  orograms  are  satisfied.  Previ¬ 
ous  test  requirements  have  specified  that  a 
shock  environment  be  a  description  of  the 
shock  pulse  itself,  In  terms  of  intensity,  du¬ 
ration  and  wave  form.  The  requirements  of 
these  recent  programs,  however,  depart 
from  this  concept  by  specifying  the  shock 
environment  in  terms  of  a  response  to  the 
shock  pulse.  This  respcmse  is  described  by 
a  shock  response  spectrum. 

The  test  requirements  presently  specify 
that  the  positive  shock  response  spectrum 
envelope  shall  be  between  90  and  ISO  g's  at 
frequencies  between  700  and  100  cps,  reduc¬ 
ing  uniformly  to  no  response  at  0  cps.  Fac¬ 
ing  the  test  engineer  is  the  probler't  of  as¬ 
suring  that  the  shock  spectrum  experienced 
by  the  test  specimen  is  within  these  limits. 
To  accomplish  this,  a  method  of  presenting 
a  spectrum  of  a  shock  is  required. 


"•Mr  3EOCK  ANALYSIS  SYSTEM 

It  was  decided  that  a  response  spectrum 
would  be  best  presented  in  the  form  of  a 
bar-ckart,  each  bar  representing  the  accel¬ 
eration  response  of  a  spring-mass  system 
of  a  specified  natural  frequency.  In  view  at 
the  difficulty  of  devising  a  mechanical  sys¬ 
tem  to  accomplish  the  desired  results,  an 
analogous  electrical  system  .has  been 
employed. 

A  block  diagram  of  the  analysis  system 
is  shown  in  Fig.  1.  The  voltage  output  from 
the  accelerometer  can  be  traced  through  an 
amplifier  to  a  tfspe  recorder,  where  the  sig¬ 
nal  is  stored  on  a  magnetic -tape  loop.  This 
signal  is  playi«d  back  to  each  tuned  circuit 
of  a  shock  response  analyzer,  their  response 
being  dlsplayeci  on  an  oscilloscope  and  re- 
cordtd  by  means  of  a  Polaroid  camera. 

The  accelerometer,  amplifier,  tape  re¬ 
corder,  oscilloscope  and  pr>laroid  camera 
were  all  readily  available.  It  remained 
for  Boeing  to  develop  the  analyzer. 


SOLOSOIO 


Fig.  1  -  The  shock  ajjalysis  system 
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THE  SHOCK  RESPONSE  ANALYZER 

The  analyzer  1b  esaentially  a  device  that 
will  respond  to  the  electrical,  voltage  signals 
from  the  tape  recorder  as  a  simple  spring- 
mass  system, wold  respond  to  the  original 
shock  pulse;  Tn  other  wor':ls,  an  electrical 
analogy  of  a  Reed  Gage. 


Electro-Mechanical  Analogy 

The  mechatiical  system  to  be  duplicated 
electrically  is  similar  to  the  system  illus¬ 
trated  In  Fig.  2a.  A  simple  spring-mass 
system  (k)  and  (mJ  represents  a  specimen 
component  with  natural  frequency  oi  =  ^/Mj. 
This  specimen  is  attached  to  a  shock  table 
(mJ  of  such  mass  that  the  ratio  Mj/V.  is 
quite  small.  This  small  ratio  minimizes  the 
effect  of  the  spring  force  ( )  on  the  accel¬ 
eration  of  the  table  under  an  applied  force 
(F.). 

The  following  electromechiuiical  analogy 
can  be  made: 

Mechanical 

Force  (pound)  F 
Mass  (lb  sec^/in.)  M 
Compliance  (in./lb)  i/k 

Electrical 

Voltage  (volt)  e 
Inductance  (henry)  L 
Capacitance  (farad)  C 

The  analogous  electrical  circuit,  therefore, 
is  as  shown  in  Fig.  2b.  A  small  Induct&ncc 
(Lj)  and  a  capacitance  (c)  represent  a 
spring-mass  system  with  natural  frequency 
01  =  Vi/LiC.  The  large  inductance  Lj  repre¬ 
sents  the  shock  table,  and  as  in  the  mechsTiical 


system,  the  ratio  l,/Lj  should  be  small  to 
minimize  the  effect  of  the  response  voltage 
(ej  on  the  current  tlirough  due  to  the 
applied  voltage  (e). 

hi  the  ciechanlcRl  system  the  acceleration 
of  the  shock  table  may  be  approxiatJted  by 
f^3  (neglecting  the  effect  of  m.  ,  which  can 
be  done  provided  Mj/M,  is  small),  and  the 
accelerMion  of  the  test  specimen  is  equal  to 
7,,/M  j .  Similarly,  it  can  be  shown  in  the 
analogous  electrical  circuit  that  the  accel¬ 
eration  of  the  shock  table  is.approximately  a 
function  of  e/i..j.  H  the  voltage  input  (e)  is 
proportional  to  the  acceleration  of  the  shock 
table,  as  it  is  with  an  accelerometer  output, 
it  follows  that  the  acceleration  of  a  specimen 
component  of  natural  frequency  (oi  =  v'i/LjC) 
will  be  a  function  of  e^. 


The  Analyzer  Circuit 

Figure  3  represents  the  circuit  diagram 
cf  the  shock  respense  analyzer.  The  com¬ 
plete  circuit  is  essentially  an  extension  of 
the  analogous  circuit  previously  illustrated, 
and  is  comprised  of  20  tuned  L-c  circuits, 
each  using  the  same  inductances.  It  should 
be  noted  that  Lj  is  90  times  L..  The  re¬ 
sistance  circuit,  with  its  switch  coupled  to 
the  L-C  circuit  switch,  functions  as  a  voltage 
divider  for  locating  the  position  of  the  re- 
sptmse  signal  on  the  horizontal  axis  of  an 
oscilloscope. 


Tape  Speed  Up 

It  is  difficult  to  obtain  a  simple  electrical 
circuit  with  a  natural  frequency  less  than 
100  cps.  This  problem  was  effectively  met 
by  using  circuits  in  the  frequency  range  of 
from  100  to  5600  cps  and  playing  the  record¬ 
ing  of  the  shock  pulse  back  at  8  times  the 


Fig.  2  -  Analogous  eloctrical  and  mechanical  systems 
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Fig.  3  -  Circuit  « 
■hock  r«apoa.<f 


rucordxl  apaed.  The  mepaoM  of  theae  clr- 
e«lte,  therefore,  le  e^e^ralont  to  the  reepoeae 
of  circelta  wttli  aateri  1  frajaanciaa  froai  IS.E 
to  700  cpa  to  the  oiifl  ui  ahock  pnlae. 


Dampinc 

li  the  elaetrlehl  eb-eUt,  aa  ta  any  real 
Bteehanical  aprln(-aaai  ayatem,  there  ta  a 
certain  amount  of  reslatinee  or  dampinf. 

The  meehahlcal  ayateit  sailed  out  In  the  teat 
apeetficatioa  le  thaotstbml,  however,  with 
nocSaa^ptaf.  X  is  therilsra  daalraKe  to  keep 
the  resiataece  In  thr  etectrleal  clreolt  as  low 
asposAibla.  The  proto  la  n  faced  la  the  use  of 
aa  L-c  clroolt,  is  that  the  coils  necessary  to 
produce  Indnctaace  wilt  also  create  resist* 
aace.  K  can  be  shown  that  the  •**”r*'*C  li' 
the  circ’iX  is  a  taactiaii  >if  t'he  tana 
■  "  (rLiiVO-i)*  X  ta  wlvNttaesoaa,  thes'e- 
(ort;,  to  obtain  aa  iaductiBes  with  a  vaine  of 
tL|/3Li  as  low  as  posiXle.  A  valua  of 
0.M6  has  proven  to  be  « itiafactory. 
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